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ABSTRACT
Developmental Physiology of the Red Swamp Crayfish Procambarus clarkii
by
Stacey Lynn Chapman
Dr. Carl Reiber, Examination Committee Chair 
Assistant Professor, Department of Biological Sciences 
University of Nevada, Las Vegas
Cardiac ontogeny is critical for proper embryonic crayfish development yet the 
mechanisms that regulate the heart throughout development are not known. The primary 
goal of this research was to gain an understanding of the temporal sequence of cardiac 
regulatory mechanisms throughout the development of the red swamp crayfish 
Procambarus clarkii. The following chapters illustrate work performed to investigate key 
events in the ontogeny of the cardiac physiology of the red swamp crayfish, P. clarkii. 
Investigations focused on cardiac development and the ontogeny of the regulatory 
mechanisms of the cardiovascular system. Investigations concentrated on two areas: 1) 
the development of a staging scheme for P. clarkii, and 2) the ontogeny of 
neurohormonal regulation of the heart of P. clarkii. An embryonic staging scheme was 
established to allow a comparison between animals of the same “chronological-age” 
(fertilized at the same time), but not of the same developmental stage (morphological and
111
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physiological features compared). The staging scheme was established using embryos, 
noting only gross morphologcal and physiological landmarks that mimmized trauma and 
invasion into the animal. Cardiovascular parameters (heart rate, stroke volume, and 
cardiac output) were determined throughout development by using a videomicroscopy 
technique and dimensional analysis. To confirm the applicability of these techniques for 
use in embryonic crustaceans, a transparent grass shrimp was simultaneously monitored 
for cardiac function (cardiac output) using the videomicroscopy technique as well as a 
more conventional dye dilution technique. The .calculations of cardiac output using 
videomicroscopic dimensional analysis and dye dilution techniques were found to be 
comparable. Heart rate, stroke volume, and cardiac output measured throughout 
development of the crayfish decreased significantly in late stage embryos, just prior to 
hatching. This decrease was thought to be due to an internal hypoxia experienced by the 
late stage embiyo. When late stage embryos were exposed to hyperoxic water, heart rate 
increased significantly, suggesting that the decrease in cardiovascular parameters just prior 
to hatching is due to an internal hypoxia. To determine the stage at which components of 
the regulatory system come on-line, the temporal sequence of cardiac neurohormonal 
regulation was established by infusion of cardioactive drugs into the pericardial sinus of 
embryonic crayfish at defined developmental stages. The complex neurohormonal 
regulation of the adult heart may be better understood and more easily teased apart by 
looking at the onset of cardiac regulatory mechanisms, when the heart and nervous system 
are less complex.
IV
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CHAPTER 1 
INTRODUCTION
Few studies on the ontogeny of cardiovascular regulatory mechanisms in crustaceans 
have been reported. Recently, Spicer and Morritt (1996), working on Artemia 
franciscema, Gammarus deubeni, Nephrops norvegicus, and Daphnia magna, found the 
ontogenic pattern of cardiac function was consistent between these species only varied by 
the timing of the developmental events. The cardiac regulatory mechanisms were not 
investigated in those studies. Reiber (1997) found that embryos of Procambarus clarkii 
lose hypoxic sensitivity to short-term, progressive, hypoxic exposure late in embryonic 
development and do not exhibit an adult-like response to hypoxic exposure until at least 
the third larval instar. Reiber’s (1997) study had suggested that embryonic crustacean 
hearts may have different regulatory mechanisms than adults of the same species. Reiber’s 
study, however, did not investigate the cardiac regulatory mechanisms that may be 
changing with development. While the adult crustacean heart is neurogenic, several 
studies have shown the embryonic heart to be myogenic during early periods of 
development (Yamagishi and Hirose, 1995; Carlson and Meek, 1908). To date, these are 
the only investigations into the ontogeny of cardiac function and regulation in crustaceans
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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focused on the innervation of the crustacean heart through development and the transition 
of cardiac regulation from a myogenic to a neurogenic mechanism.
Our understanding of the regulation of the immature crustacean heart is limited and 
sometimes inaccurate due to the reliance on simple extrapolation of adult cardiac 
physiology to embryonic systems (Spicer, 1994 ; Reiber, 1997). In addition, much of the 
data available on the ontogeny of such systems is incidental, comprised of accounts of 
morphological changes alone. There has been little integration of developmental biology 
with physiology (Spicer, 1994). We, therefore, have a limited pool of information with 
which to develop hypothesis and build a fundamental understanding of how the adult 
cardiovascular system becomes functional. It is useful to integrate physiology and 
development to gain an understanding of crustacean cardiac development.
Investigations into the development of the crayfish has given us a new understanding 
of cardiac ontogenic processes and key chronological events that vary between 
crustaceans (Spicer and Morritt, 1996; Celada ei a l, 1991; Helluy and Beltz, 1991;
Celada et a i, 1987; and Hessen et a l, 1987). Understanding the timing of key 
physiological and regulatory events gives us a better understanding of cardiac 
development, which goes beyond morphological observations and adds insight into the 
ontogeny of the functioning system.
Temperature directly influences the timing of key developmental events, therefore, 
temperature-specific rates of development have been investigated in a variety of 
crustaceans including the European lobster {Homarus gammca-us), the northern lobster 
{Homarus americamts), and the noble crayfish (Astacus astacus) (Charmantier et a l . ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1992; Perkins, 1972; and Hessen et a l , 1987). Terwilliger and Brown (1993) integrate 
developmental biology with physiology investigating the ontogeny of hemocyanin function 
in the dungeness crab (Cancer magister). Our research provides information on the 
cardiac development and physiological cardiac regulation of the crayfish. This study will 
further our understanding of the ontogeny of the cardiac regulatory system in the red 
swamp crayfish (Procambarus clarkii).
The usefulness of Procambarus clarkii 
Procambarus clarkii (decapoda: Crustacea) appears to have adapted to climates where 
nutrient flow is continuous, and the environment is relatively stable year round (Noblitt 
and Payne, 1995). Their potential fecundity is among the highest recorded of freshwater 
macroinvertebrates (Noblitt and Payne, 1995). Eggs laid are attached to the females 
pleopods where they are incubated from the embryonic through the 2"" larval instar stages 
(Huner, 1995). The eggs are small (2 mm diameter) and contain a minimum supply of 
yolk (energy) for development and sustenance. Regardless of the mother’s size, each egg 
receives an equal quantity of yolk and cytoplasm maintaining a uniform egg size within 
and between broods (Noblitt and Payne, 1995). The functional mechanism of producing 
large numbers of small eggs may be related to an abundant food supply and a stable 
climate (Noblitt and Payne, 1995). Crayfish are direct developing crustaceans, meaning 
their gestation time is short, and they hatch into functional animals that resemble miniature 
adults. P. clarkii have only three short larval stages before they become juveniles and 
functionally adults. The large number of eggs, short gestation time, consistency of size.
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and the ease in obtaining eggs make Procambarus clarkii an ideal animal for investigations 
into cardiac development.
Myogenicity of Embryonic Crustacean Hearts
Few investigations have been made into the ontogeny of cardiovascular function and 
regulation in crustaceans. The complex nervous regulation of the adult crustacean heart 
may be better understood and more easily examined by studying the onset of cardiac 
function, when the heart and nervous system are less complex. Embryonic physiology, 
however, is not comparable to the adult systems and cannot be predicted on a simple 
allometric basis. The limited research in this area clearly establishes that embryonic 
physiology is not comparable to adult systems (Reiber, 1997; Yama^shi and Hrose, 
1995; Spicer and Morritt, 1994; Carlson and Meek, 1908). While the adult crustacean 
heart is neurogenic, several studies have shown the embryonic heart to be myogenic early 
in development (Yamagishi and Hirose, 1995; Carlson and Meek, 1908). Carlson and 
Meek (1908) demonstrated that the Limulus heart rhythm is myogenic early in 
development. As development continues, the heart becomes irmervated by nervous tissue 
and changes regulation to a neurogenic pattern. The timing of this event has not been 
determined. Yamagishi and Hrose (1992) established a time-line for the transfer of 
cardiac regulation from a myogenic embryonic to a neurogenic late juvenile mechanism in 
the isopod Ligia exotica.
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Objectives
The purpose of this work was to gain an understanding of the temporal sequence of 
cardiac regulatory mechanisms throughout the development of the crayfish. The primary 
goal of this research was to establish the temporal sequence of hormonal regulation via the 
cardiac ganglia and pericardial organ. Timelines resulting fi-om this research will provide 
information about when the heart of the developing crayfish may become neurohormonally 
regulated. Specific objectives of this study were to: 1) develop an embryonic staging 
scheme for the crayfish (Procambarus clarkii), 2) evaluate the videomicroscopy 
dimensional analysis technique to obtain cardiovascular parameters in embryonic crayfish 
accurately, 3) establish heart rate, stroke volume, and cardiac output through 
development using the videomicroscopy technique, and 4) study the onset of 
neurohormonal regulation of the cardiovascular system.
Research Components
Staging Scheme
It was important to establish that all experimental animals in a data set were equally 
mature. In the brine shrimp (Artemia franciscana) the ontogeny of cardiac function is not 
correlated with the gestation time (time-age) or body size, but is directly correlated with 
the developmental stage of the animal (Spicer and Morritt, 1996). The embryonic staging 
scheme for Procambarus clarkii was established to allow accurate comparisons of 
animals that are of the same “time-age” (fertilized at the same time), but not of the same 
developmental stage (morphological and physiological features compared). The staging
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
scheme was based on observation of live embryos, morphological landmarks and 
physiological parameters that are non-invasive and maintain the integrity of the embryo.
Videomicroscopy Technique 
The videomicroscopy dimensional analysis technique was used to collect 
cardiovascular parameters (heart rate, stroke volume, cardiac output) on embryonic and 
larval crayfish. This technique has been previously used in lower vertebrates (Hou and 
Burggren, 1995; Burggren, 1987). To confirm the applicability of these techniques for 
use in embryonic crustaceans, the larger, grass shrimp (Palaemonetes pugio) were used 
as a model organism to test the accuracy of the videomicroscopy technique in calculating 
cardiac output. Calculations of cardiac output using the videomicroscopy technique were 
compared to calculations for cardiac output using the established dye dilution method.
Cardiac Physiological Development 
Cardiac development is critical to embryonic viability and must become functional well 
before larval stages are achieved. Cardiac contractions facilitate gas exchange by 
increasing convection and decreasing dififusional distance and potential boundary layers by 
the mixing of hemolymph. Even with these convective processes, it has been suggested 
that late stage embryos become internally hypoxic due to the inability of the surface 
membrane to supply enough oxygen, via difilision, for the embryo’s increasing metabolic 
demands. Embryos increase substantially in metabolic mass throughout embryonic 
development yet this growth is not matched by an increase in the surface area of the egg 
membrane. Thus, limits are imposed on the amount of oxygen that the embryo can extract 
from a normoxic environment. If the difiElisional gradient for oxygen were increased such
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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that oxygen could more readily difruse into the egg (i.e. hyperoxic ambient water), then 
some effects of oxygen limitation (i.e. reduced heart rate) should be reversed. To 
investigate this hypothesis, cardiovascular parameters (heart rate, stroke volume, and 
cardiac output) were analyzed throughout development o f the crayfish Procambarus 
clarkii using a videomicroscopy technique. Late stage embryos were exposed to 
normoxia (P0 2  = 20 KPa) and hyperoxia (P0 2  = 40 KPa) and heart rate was monitored for 
effects. Embryonic heart rate increases allometrically throughout development until just 
prior to hatching when heart rate shows a suppresion, presumably due to an oxygen 
limitation. If heart rate increases in late stage embryos exposed to hyperoxic water, then 
the decrease in heart rate through development is due to an internal hypoxia.
Neurohormonal Regulation 
The temporal sequence of development of cardiac regulation was investigated by 
pericardial sinus infusions of specific cardioactive drugs into defined developmental stages 
and the stage at which a response is elicited was determined. Nine cardiac ganglion 
initiate fi'equency and contractility of the heart in adult crayfish (Field and Larimer, 1975). 
Heart rate and strength of contraction may be regulated or modified by input from the 
central nervous system or by circulating neurohormones. Bilaterally paired dorsal nerves, 
containing one inhibitory axon and one excitatory axon, irmervate the cardiac ganglion on 
the inner dorsal wall of the heart and may modify frequency or strength of cardiac 
contractions (Field and Larimer, 1975). GABA is thought to be the neurotransmitter of 
the cardioinhibitory nerves in decapods (Yazawa and Kuwasawa, 1994). Neurohormones 
released fi~om the pericardial organ in decapods can also modify cardiac contractions.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Pericardial neurohormones (proctolin, serotonin, and octopamine) and central nervous 
system neurohormones (GABA) were infused into the pericardial sinus of crayfish 
embryos and larvae to establish the timing of the transition from a myogenic to neurogenic 
regulation. Cardioactive drugs that act directly on the cardiac ganglion and not on the 
myocardial membrane were not expected to elicit a response until late larval stages based 
on previous the assumption that the embryonic crayfish heart is myogenic.
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CHAPTER 2 
EMBRYONIC STAGING SCHEME 
Abstract
A qualitative staging scheme was developed using morphological landmarks and 
physiological cardiac parameters for the crayfish Procambarus clarkii. Previous work on 
the development of Procambarus clarkii is incomplete with many developmental stages 
unaccounted for. Our staging scheme incorporated previous descriptive morphologies of 
Procambarus clarkii development with physiological observations and additional stages 
were added where deemed necessary (Parker, 1878; Reichenbach, 1887; Andrews, 1907). 
Prior to this staging scheme, descriptions of the development of the animal jumped from a 
nauplius (mandible, antennae, and antennules are formed) to the first larval instar (most 
body parts are present and functional). Late embryonic stages were neither described nor 
mentioned. This seriously underrepresented the development of other body parts and 
functionally excluded the development of the initial heartbeat and other such physiological 
processes. This study adds morphological and physiological observations to early 
descriptive morphology accounts and completes the staging scheme with the addition of 
seven naupliar stages for late embryonic development.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Introduction
Embryonic crayfish develop fi-om eggs attached to the pleopods on the ventral surface 
of the female’s abdomen. Eggs are extruded, fertilized, and attached to the swimmerets of 
the mother and remain there until a week after hatching. Ontogeny in crayfish is a 
temperature dependent phenomenon, in which gestation may take fi-om three weeks to 
eight months, depending on incubation temperature (Anderson, 1982). Even at a constant 
temperature, eggs from a single brood may develop at different rates (Huner, 1995).
Suko (1956) noted that the development of “winter eggs” may not only be influenced by 
temperature, but also by movement of parental swimmerets to which the eggs are 
attached. In lobster embryos, developmental rates are not only governed by the thermal 
environment, but also by the age or extent of development at which they are subjected to 
that environment. A staging scheme based on the absolute age of the embryo (time- 
staging) is not appropriate under any of these circumstances. The highly variable nature of 
gestation time requires that a staging system be established based on distinct changes in 
external morphology and physiological parameters, (e.g., heart rate), to characterize each 
stage (event-staging). A staging scheme was developed for P. clarkii based on existing 
staging schemes for other crayfish, lobster, insects, amphibians, and various vertebrates 
(Bentley er a/, 1979; Noblitt and Payne, 1995; Gorodilov, 1996; Beltz era/, 1992; 
Andrews, 1907; Noblitter a/, 1995; Helluy, 1991; Hessen era/, 1987; Celada era/, 1987; 
Reichenbach, 1887; Celada era/, 1991; Factor, 1995; Mori, 1996; Bumpus, 1891; and 
Orlando and Pinder, 1995). This qualitative staging system is useful as a non-invasive 
method for comparing embryos o f Procambarus clarkii incubated under varying
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conditions and for “winter egg” staging. It may also be useful for comparing similar 
stages among widely differing species of crustaceans. The resulting staging scheme for 
Procambarus clarkii parallels the stages established by Celada et al. (1987, and 1991) in 
two different species of freshwater crayfish (Austropotamobiuspallipes and Pacifastacus 
leniusculus). Decapods go through the same fundamental developmental stages with 
variations only in the time it takes to reach each stage and the duration of that stage 
(Spicer and Morritt, 1996). It was hypothesized that the development of the crayfish 
Procambarus clarkii could be used to model the development of closely related 
crustaceans such as the freshwater crayfish Pacifastacus leniusculus and 
Austropotamobius pallipes.
Materials and Methods
Existing Developmental Staging Schemes 
A literature search in conjunction with correspondence with the experts in this field 
(J.V. Huner and J.F. Payne) revealed that no comprehensive staging scheme exists for P. 
clarkii, with the exception of a rough overview of the major stages illustrated by Huner 
and Barr (1991), a more detailed account of very early embryonic stages (Reichenbach, 
1887; Parker, 1878), and a more detailed account of later larval stages (Andrews, 1907). 
Many stages were taken directly from these accounts with only slight modification or 
addition (i.e., the addition of physiological observations). Celada et al. (1991) identified 
the chronology of the embryonic stages of the freshwater crayfish Austropotamobius 
pallipes and Pacifastacus leniusculus. Our staging scheme parallels schemes developed
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for these freshwater crayfish. The work of Huner and Barr’s (1991), Celada et al. (1991), 
as well as Reichenbach (1887) and Andrews (1907) were integrated into this staging 
scheme and used as a foundation on which to build a more morphologically and 
physiologically comprehensive staging system for Procantbanis clarkii.
Animal Maintenance and Breeding 
Adult male and female crayfish were purchased from Atchafalaya Biological Supply Co., 
Inc. (Raceland, LA). The animals were maintained in 3SL aquaria (S-6 animals to an 
aquarium) at 25° C and fed twice a week (Romaine lettuce and liver). Mature females 
were separated from other animals and placed into plastic containers in a room maintained 
at 25°C with a D:L ratio of 14; 10 D:L cycle. A female was allowed to acclimate to the 
new surrounding for 3-4 days, after which a sexually mature male was added to the 
container with the female. The pair were observed for mating behavior, if this did not 
ensue within 20 minutes, the male was replaced with another male and again observed for 
copulatory behavior. If copulation occurred the animals were left together for 5 hours and 
then separated to prevent cannibalism. After mating, females were placed into a nursery 
aquarium and observed daily until eggs were laid.
Baseline Cardiovascular Parameter 
Crayfish eggs were removed from females and attached to an applicator stick using a 
minimal amount of cyanoacrylate glue. Animals were acclimated for 30 minutes in a flow­
through experimental chamber (Figure 1). Water ( 25°C, pH=7.0, Poz= 20 KPa) flowed 
over the animal at a rate of 12 ml min ‘ and then over an oxygen electrode. The P0 2  and 
temperature of the reservoir water were established and maintained using a gas mixing
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Micromanipulator
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Figure 1: Experimental chamber for videomicroscopic analysis.
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system (Gas Mixing Flowmeter GF3/MP) and a circulating water bath (VWR Scientific 
1160). A microscope (Leica Stereozoom 6 Photo) was equipped with a video camera 
(World Precision Instruments, Inc. Oscar Color Camera Vidcam), super VHS video 
recording system (Panasonic PV-54566), and a Horita time code generator (VG 50). 
Animals were recorded and then analyzed fi'ame-by-fi'ame (60 Hz sampling speed) on an 
editing tape player (Panasonic AG-DS550).
The heart could be viewed and tape recorded using the videomicroscope system. Eggs 
were videotaped for five minutes daily throughout development. The tape was replayed 
and three 30 second intervals were used to determine heart rate for each animal. Evan’s 
blue was infused into the pericardial sinus of the embryonic crayfish to delineate the three- 
dimensional shape of the heart. Embryonic crayfish hearts were modeled as a prolate 
spheroid to determine cardiac volume (Volume -  4/3%ab' ; where a and b are half of the 
measured long and short axes, respectively, of the heart). The difference between 
volumes at end systolic volume and end diastolic volume represents stroke volume for our 
index. The parameters necessary for this calculation were obtained using a video 
digitizing program, DIGTEYS system (Sable Systems Inc., Henderson, NY) Cardiac 
output was determined by the product of stroke volume and heart rate. Heart rate, stroke 
volume, and cardiac output were obtained for each developmental stage. The significance 
of stage effect was assessed using a one-way analysis of variance (NCSS, version 5.03). 
Where stage effects were shown to be significant (P < 0.05), mean values were compared 
using Newman-Keuls multiple range test (STATISTICA).
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Morphological Evaluations 
Animals were examined for distinct morphological features for each day of 
development. Morphological landmarks were identified and used to define each stage. 
They were as follows: the appearance and growth of the antennulae, antennae, mandibles, 
caudal papillae (later the abdomen), and periopods. The heart, chromatophores, 
hepatopancreas, and optic lobe (later the eyes) were used as landmarks because they 
appear distinctly different from one stage to the next with regard to size, shape, and 
appearance. Other quantitative characteristics used were pigmentation of the eyes, shape 
of the heart, and the density of chromatophores on the carapace.
Building the Staging Scheme 
Morphological characters were illustrated with some quantitative characters defined. 
Physiological parameters (heart rate, stroke volume, and cardiac output) and descriptive 
morphologies were quantified in tabular form. If no morphological or physiological 
changes occur from one day to the next, then those animals were grouped together as one 
stage.
Results
A total of 19 stages are defined for Procambarus clarkii (Table 1). Drawings of each 
stage were made by using live specimens examined under the microscope and by 
reviewing videotapes of the animals at each stage (Figures 2-21). Stages were organized
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Table 1; Descriptive developmental characteristics 
of Procambarus clarkii
Stage
Dayt
Gestabon
"C
M aephologUxiChanKttritia PhynUoguxi ChancUmtia
I
t o f o t e )
0 - 1 no external signs o f  cleavage; dark  brow n eggs; egg d ia m e te r- 2 1 7 0  
+  10um
n 1 -2 supeificial cleavage
m
( U e a u h ) 2
cephalic lobes and thoracic-abdomiaal processes visible; e m b iy o b  
155 + 5 p m  fro m  am teilo reephaH c lobes to  p o s teM o rth o rad c - 
ab d o m in a l nrooeas
IV 2 - 3 invagination o fU astu la  in  semicircular f in o w ; f m b i y o i s l6 0 +  
3)im  fro m  a n te r io r  oephaH clobea to  p o s te r io r  th o rad c -ab d o m in a i 
proem s
V
( iM tn d a )
3 - 4 f in o w  becomes circular in shape; c m b iy o a b  2 4 0 + 6 p m  from  
a n te r io r  cenhaUc lobm  t o  n aa le r io r th o ra ck m b d o ro tn a l p rocem
V I 4
distal f in o w  curves forward; mvagination pronounced; e m b iy o b  
3 1 0 + 6 p m  from  a n te r io r  cephaH c M ms to  p o s te r io r th o m cic - 
ab d o n ü m d  procem
vn 4 - 6
bbstopore  divides a ite rio rly  i i to  tw o  prooephalic processes; 
invagination reduced; optic fossae appear in procephalic processes; 
em b ry o  b  4 7 6 + 2 0 p m  fro m  prooqphaHc proccm m  to  p o a te ito r 
th o ra d c -a b d a n in a l  p rocem
vm 6 - 8
thoracic-abdominal process ebv ated  ju st in front o f  th e  blastopore; 
em bryo  b 5 7 8 + 5 p m  f io m  a n te r io r  procepbaH c procem  to  
Ihom clc  ab d o m in a l p rocem
K 8 - 9 depression in medullary groove; tail-fold, m andU e, and rudiment 
carapace appear, em bryo  b  7 1 8 + 12pm  fro m  proccphaH c procem  
to taH -fo ld
X
(N a u p ltts  1)
9 rm ndirles, antennules, and antennae becom e w ell defined; optic fossae 
deepen; em bryo  b  822 + 8 p m  fbom procephaH e procem  to  taU- 
Ibid
X I
(N aupH usZ ) 9 - 1 0
masticatory appendages appear- m axilb  1,2, maxillaped l,2 ,& 3; 
em bryo  b  1064 +  15pm  fro m  a n te r io r  procephaH c procem  to  th e  
po ste r io r end  o f  th e  ta il-fa ld : tu b a l h e a r t  a p p a re n t
xn
(N aupH usS) 1 0 -1 2
pereiopods apparerd -1-6 w aJkm gfegsand both cheljpeds; e m b iy o b  
1 2 4 9 + 12pm  from  a n te r io r  procephaH c procem  to  th e  p oa terlo r 
e n d  o f  th e  ta il-ib id
xm
(N aupH usd) 1 2 - 1 4
tu b a l h e a r t  s ta r b  to  b ea t; aH o th e r  m orpholog ical c h a ra c te n  
r h n lb r  to  NaupHus 3 ; e m b ry o a b  1 8 3 5 + 1 3  p m  t h a n  a n te r io r  
procephaHc procem  t o  p o a te rlo r tall-fold
tu b a l h e a r t  s ta r ts  to  b ea t; 
& - 1 6 0 + 3 b p m ;  S V -  
4.47 + 0.74nl/beat; 
O - 7 0 6 + 1 1 3 n l /h d n
X IV  
(N aupH us 5)
1 4 -1 7 h e a r t  ap p ea rs  a s  p ro la te  sphero id ; ty ta  becom e m o re  defined b u t 
n o  p igm entation ; em bryos b  2 0 0 4 +  2 6 p m  from  eyes to  p o ste r io r 
taO-fold
l i i - 1 6 7  +  3bpm ; 
S V - 3 .1 9 + a 4 3 1 /b e a t ;  
Q  -  535 +  73.5nl/rnin
X V  
(N aupH us Q 1 7 - 1 9
h epatopancreas  ap p ea rs  proxinMUty to  th e  h e a r t;  sp arse  red  
d iron rn tophores  a p p e a r  o n  carap ace ; e m b iy o b  2671 + 19pm  
from  a n te r io r  eyes to  p oa te rlo r taU-foU
lH « 1 9 2 + 6 b p m ;
S V - 9 J 4 + l J l n l / b c a t ;
Q -4 S 8 ± 2 2 .2 .6 h l / tn in
X V I
(N aupH us?) 1 9 -2 1
strong ly  developed p igm ent h r th e  eyes a p p ea rs  In  s e m W r c u h r  
creaents; h epatopancreas  becom es la rg e  a n d  lobed; em bryo  b  
2879 +  30um  fro m  a n te r io r  eyes to  p o s te r io r tail-fald
^ - 1 4 9 + 3 b p m ;  
S V - 3 .0 8 + a 6 5 n I /b e a t ;  
Q - 177.7 +  96n l/m in
xvn
( in s ta r  1) 2 1 - 2 3
organism hatehes from  egg but still attached by  telson thread; 4  
M nsn from  tip  o ftc lson  to  rostrum ; antennae are 1 chelae are 
long and strong
^ - 2 5 5 + 9 b p m ;  
S V - l X 4  +  1.79nl/bcat; 
O - 3 1 3 0 + 4 5 8 n l /m in
X V III 
( In s ta r  2) 2 3 - 2 5
release o f  larvae fixxn mother, 5 M n sn fio m te k o n to ro s tru n t 
ardem ae are 3mm; h ead -th ro n u r rrw ch lem  swoHen; setae appears 
on telson arxl appendages; mandibles have 6 -7  teeth
( , - 2 7 4 + 4 b p m ;  
S V -6 .0 7 + l.S 9 n l/b e a t;  
Q - 1 6 6 0  +  42.8nVm in
X IX  
( I n s ta r  3 ) 2 5 - 2 7
tail-fan complete w ith both telson arxl widely exparxled pleopods 
together fo tm ng  large su rbce; 8 ln m  fro m  tc h o n  to  ro s tru m ; 
an te n n ae  a re  4m m
f H - 2 8 0  +  6 bpm ; 
S V -& 1 9 + 1 .6 n l /b e a t ;  
Q  - 1 7 4 7  +  47.4nl/nddi
NOTE: fn =  heart beat frequency (bea tsn in  ); S V = stroke volw ne(nl/beat); Q = ca rd iac  output (nl/min)
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_  V 
Gastrula
K XNaupiius 1
XI 
Naupiius 2
xn
Naupiius 3
xm
Naupiius 4
XTV 
Naupiius 5
XV 
Naupiius 6
XVI 
Naupiius 7
Hatching
occurs
V
xvn
Irst Larval Instar
(Huner»1991):
XIX 
3rd Larval Instar
Figure 2; Developmental stages of Procambarus clarkii
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chronologically using Roman numerals to denote each developmental stage with 
descriptive explanations where appropriate.
Stage 1 (zygote) consists of newly deposited eggs without external signs of cleavage. 
The eggs (diameter =2170 ± 10 pm) are dark brown and the lipid yolk droplets 
(approximately =80 pm) are uniform in size (Figure 3). The eggs are attached to the 
pleopods of the female with an egg-derived membrane and covered with a glue-like 
substance called “glair” (Huner and Gaude, 1989). Fertilization takes place within hours 
of egg laying and prior to attachment (Huner and Gaude, 1989).
Stage n  is defined by cleavage of the cells in the egg (Figure 4). The yolk becomes 
filled with nuclei which migrate to the surface of the egg. Superficial cleavage results in 
the formation of the blastoderm (Huner and Gaude, 1989).
Stage m  (blastula) is defined by the appearance of cephalic lobes and thoracic- 
abdominal plates. Embryos are 155 ±5 pm fi-om anterior cephalic lobes to posterior 
thoracic-abdominal process (Figure 5).
Stage IV is defined by the invagination of the surface cells of the blastula and 
formation of a pouch, a gastral furrow (Huner and Gaude, 1989). This invagination is 
caused by independent thickening and infolding of the surface cells (Anderson; 1982). 
Embryos are 160 ±3 pm fi'om cephalic lobes to posterior thoracic-abdominal process 
(Figure 6).
In Stage V (gastrula), the gastral furrow changes shape firom a semicircular to circular 
furrow. Embryos are 240 ± 6pm from anterior cephalic lobes to posterior thoracic-
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Stage I
Stalk
Figure 3: Stage I (zygote) of Procambarus clarkii. 
Diamter = 2170 -10  um; dark brown eggs are attached 
to the female with the egg-derived stalk.
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Stage II
û
cleavage
Figure 4: SXagQlloî Procambarus clarkii. Superficial 
cleavage occurs forming the blastoderm.
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Stage III
Figure 5: Stage HI (blastula) of Procambarus clarkii. Embryos 
are 155 i  5 um from anterior cephalic lobes (CL) to posterior 
thoracic abdominal plate (TA).
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Stage IV
Figure 6: Stage IV of Procambarus clarkii. Embryos 
are 160 -  3 um from anterior cephalic lobes (CL) to posterior 
thoracic abdominal plate (TA). Gastral furrow (GF) forms as 
an invagination.
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Stage V
Figure 7: SXageV oiProcambarus clarkii. Embryos 
are 240 i  6 um from anterior cephalic lobes (CL) to posterior 
thoracic abdominal plate (TA). Gastral furrow (GF) changes 
shape from semicircular to circular.
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abdominal process (Figure 7). Reichenbach defines this as the first stage of development 
(Parker, 1878).
Reichenbach’s descriptions of early embryonic development start at this stage and ends 
at the first naupliar stage. This stage (Stage V) through the first naupliar stage 
incorporate details of his accounts with elaboration and explanation where necessary. 
Observations from our study have been added.
In Stage VI the invagination of the gastral furrow, the blastopore, begins as a 
horseshoe-shaped arrangement to an irregular circle, in which the distal end has begun to 
curve forwards, or towards the head-end of the embryo. This inva^ation becomes much 
more pronounced. Embryos are 310 ± 6pm from anterior cephalic lobes to posterior 
thoracic-abdominal process (Figure 8).
In Stage VII the anterior end of the embryo becomes divided anteriorly into two well- 
defined lobes, the procephalic processes. Invaginations become reduced in size and forms 
the gastrula-mouth. A median furrow forms, called the medullary groove, and extends 
from the depression between the procephalic lobes to the anterior end of the abdominal 
elevation. The cells lining the medullary groove subsequently form the central nervous 
system. Two small depressions appear in the procephalic processes, optic fossae, which 
eventually develop into the optic ganglia. Embryos are 476 ± 20 pm from anterior 
procephalic process to posterior thoracic-abdominal process (Figure 9).
Stage v m  is defined by a large increase in the size of the thoracic-abdominal process, 
which forms a well-defined transversely-oval elevation, in front of the blastopore. Many 
of the endodermal cells, especially those just beneath the abdominal process, increased
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Stage VI
Figure 7: S iageV lo îProcambarus clarlâi. Embryos 
are 310 ± 6 um from anterior cephalic lobes (CL) to posterior 
thoracic abdominal process (TA). Gastral furrow (GF) changes 
shape from circular to horseshoe shaped.
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Stage VII
Figure 9: SXzÿsVlloî Procambarus clarkii. Cephalic lobes 
become well defined procephalic processes (PP) with optic 
fossae (OF). Embryos are 476 -  20 um from procephalic processes 
to posterior thoracic abdominal plate (TA). (îastral mouth (GM) 
now reduced in size. Medullaiy groove (MG) forms.
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approximately two-fold. These cells are irregularly lobed. Fine threads of protoplasm 
(psuedopodia-like) for nutrient absorption pass between the yolk spheres. Embryos are 
578 ± 5 pm from anterior procephalic process to posterior thoracic-abdominal process 
(Figure 10).
Stage DC is defined by a depression in the medullary groove, approximately half-way 
between the anterior boundary of the procephalic lobes and the abdominal process. The 
thoracic-abdominal process takes on a pentagonal shape with a shallow depression in the 
center. The thoracic-abdominal process increases to form an acute angle (the tail fold) 
with the surface of the blastoderm. Mandibles are observed at this stage as a pair of 
elevations. They are well-defined posteriorly and less distinct in front of the thoracic- 
abdominal process. The mandibles are located on either side of the middle line. A 
rudiment of the carapace separated by a furrow becomes evident on the sides of the 
mandibles. Embryos are 718 ± 12 pm from procephalic process to tail-fold (Figure 11).
Stage X (Naupiius 1) is defined by the appearance of three pairs of head appendages; 
the mandibles, the antennules, and the antennae. Mandibles are well-defined elevations, 
with the antennules and antennae apparent in front of them. The mouth appears semi- 
lunar in shape. The anus has assumed a definite circular shape. Immediately behind the 
abdomen is a swelling marking the position of the heart. The optic fossae have become 
deep invaginations. Embryonic nauplii have only rudimentary limbs. Embryos are 822 ± 8 
pm from procephalic process to tail-fold (Figure 12). This is the last stage defined in the 
accounts of Reichenbach (1887). The following six naupliar stages were added to gain a
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Stage VIII
Figure 10: Stage VIE of Procambarus clarkii. Embryos are 
578 i  5 um from procephalic processes (PP) to posterior thoracic 
abdominal process (TA). Thoracic abdominal process increases 
in size. Gastral mouth (GM), optic fossae (OF), and medullary 
groove (MG) are present.
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Stage IX
Figure 11: Stage IX of Procambarus clarkii. Embryos are 
718- 12 um from procephalic processes (PP) to thoracic abdominal 
process (TA). Tail fold (TF) forms. Gastral mouth (GM) and optic 
fossae (OF) are present. A depression appears in the medullary groove 
(MG). Mandibles (MA) form.
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Stage X
Figure 12: Stage X (Naupiius 1) of Procambarus clarkii. Embryos are 
822 - 8 um from procephalic processes (PP) to thoracic abdominal 
process (TA). Tail fold (TF), gastral mouth (GM), medullary groove 
(MG), mandibles (MA), antennae (AT), and antennules (AN) are present. 
Optic fossae (OF) become deeep invaginations.
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more complete picture of the development of the crayfish both morphologically and 
physiologically.
Stage XI (Naupiius 2) is reached when the presence of the maxillal and 2, maxillaped 
1,2, and 3 become apparent (under the abdomen). Embryos are 1064 ± 15 pm fi-om 
anterior procephalic process to posterior end of tail-fold. The tubal heart is apparent but 
does not contract (Figure 13).
Stage x n  (Naupiius 3) is defined when the periopods (the appendages), are clearly 
formed. Embryos are 1249 ± 12 pm fi'om anterior procephalic process to posterior end of 
tail-fold (Figure 14).
Stage x m  (Naupiius 4) is defined by the initiation of cardiac contractions. The initial 
pulsations are erratic. Heart rate is difficult to determine because of its variable nature at 
this point. The tubal heart begins contracting with heart rates averaging 160 + 3 beats per 
minute (bpm). Embryos are 1835 ± 13 pm fi'om anterior procephalic process to posterior 
tail-fold (Figure 15). All other external morphological characteristics appear the same a 
Stage xn.
Stage XIV (Naupiius 5) is characterized by the change in heart shape fi'om tubal to a 
prolate spheroid. Eyes are more defined yet no pigment is observed. Embryos are 2004 ± 
26 pm fi’om anterior procephalic process to posterior tail-fold (Figure 16). Heart rate is 
167 + 3 bpm and contractions become more consistent.
Stage XV (Naupiius 6) is defined by the appearance of the hepatopancreas proximally 
to the heart. Heart rate is 192 ± 6 bpm. Red chromatophores become apparent on the
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Stage XI
Fieurel3: Stage XI (Naupiius 2) of Procambarus clarkii. Embryos are 
1064 i  15 um from procephalic processes (PP) to thoracic abdominal 
process (TA). Tail fold (TF), gastral mouth (GM), medullary groove 
(MG), optic fossae (OF) mandibles (MA), antennae (AT), and antennules 
(AN) are present. 1 maxilla (MLl), 2 maxilla (ML2), 1 maxillaped (MPI),
2 maxillaped (MP2), and 3 maxillaped (MP3) are present. Tubal heart (H(t)) 
is present but not contracting.
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Stage XII
Figure 14: Stage XII (Naupiius 3) of Procambarus clarkii. Embryos are 
1249 -  12 um from procephalic processes (PP) to thoracic abdominal 
process (TA). Gastral mouth (GM), medullary groove (MG), optic 
fossae (OF), mandibles (MA), antennae (AT), and antennules 
(AN) are present. Periopods (PE) are present. Tubal heart (H(t)) 
is present but not contracting.
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Stage XIII
Figure IS: Stage XIII (Naupiius 4) of Procambarus clarkii. Embryos are 
1835 ± 13 um from procephalic processes (PP) to thoracic abdominal 
process (TA). Gastral mouth (GM), medullary groove (MG), optic 
fossae (OF), mandibles (MA), antennae (AT), and antennules 
(AN) are present. Periopods (PE) are present. Tubal heart (H(t)) 
starts contractions (160 -3bpm). Hepatopancreas (HP) is present.
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Stage XIV
Figure 16: Stage XIV (Naupiius 5) o f Procambarus clarkii. Embryos are 
2004 ± 26 um from procephalic processes (PP) to thoracic abdominal 
process (TA). Gastral mouth (GM), medullary groove (MG), optic 
fossae (OF), mandibles (MA), antennae (AT), and antennules 
(AN) are present. Periopods (PE) are present. Heart (H(t)) becomes prolate 
spheroid in shape (167 - 3 bpm). Hepatopancreas (HP) is present.
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Stage XV
Figure 17: Stage XV (Naupiius 6) of Procambarus clarkii. Embryos are 
2671 ± 19 um from procephalic processes (PP) to thoracic abdominal 
process (TA). Gastral mouth (GM), medullary groove (MG), optic 
fossae (OF), mandibles (MA), antennae (AT), and antennules 
(AN) are present. Periopods (PE) are present. Heart (H(t)) rate is 
192- 6bpm. Hepatopancreas (HP) is present. Chromatophores (CH) are 
appearant.
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carapace but are small and dispersed. Embryos are 2671 ± 19 |im from anterior eyes to 
posterior tail-fold (Figure 17).
Stage XVI (Nauplius 7) is defined by the appearance of semi-lunar crescent eye 
pigment. The hepatopancreas becomes larger and lobed. Heart rate significantly 
decreases from 192 ± 6 to 149 ± 3 bpm. Embryos are 2879 ±30 tun from anterior eyes to 
posterior tail-fold (Figure 18).
Information from Andrews (1907) was integrated with observations and data from this 
study for the following larval stages.
Stage XVn (Instar 1) is defined by eclosion of the embryo from its egg membrane 
(Figure 19). The cast off cuticle forms a thread fastened at one end to the telson of the 
larva and at the other end to the inside of the egg case. The egg case still remains attached 
to the female by its stalk (Andrews, 1907). First instar larvae are approximately 4500pm 
long from tip of telson to the rostrum (Andrews, 1907). Antennae are approximately 
1500pm long, composed of four segments devoid of setae. The second antennae has 24 
segments. The mandible has no teeth (Andrews, 1907). The second maxilla bears large 
scaphognathite. Scaphognathite rates were previously reported as 207 ±17.1 beats/min 
for this stage (Reiber, 1997). The chelae are long but not yet specialized as cutting organs 
(Andrews, 1907). The telson appears as a simple, elongated, fiat plate (Figure 19).
Heart rate for Stage XVI animals ranges from 204 to 278 bpm with a mean heart rate of 
255 ± 9 bpm.
Stage XVm  (Instar 2) is defined by the release of the larvae from the mother (Figure 
20). Larvae are now approximately 5500pm long with antennae 3000pm long. The body
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Stage XVI
Figure 18: Stage XVI (Nauplius 7) of Procambarus clarkii. Embryos are 
2879 -  30 urn from procephalic processes (PP) to thoracic abdominal 
process (TA). Gastral mouth (GM), medullary groove (MG), mandibles 
(MA), antennae (AT), and antennules (AN) are present. Periopods (PE) 
are present. Heart (H(t)) rate is 149 ± 3bpm. Hepatopancreas (HP) is present. 
Chromatophores (CH) are appearant. Pigmentation (PI) appears in eyes.
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Stage XVII
/
Figure 19: Stage XVII (Instar 1) of Procambarus clarkii. Larvae are 
4 1/2 mm from tip of telson (TE) to the rostrum (RO). Periopods (PE) 
are present. Heart rate is 255 -  9bpm. Antennae (AN) are 1 l/2mm 
long. Antenules (AT) have 24 segments. Larvae attached to egg 
membrane (EM) via telson thread (TT). Image modified from Andrews 
(1907).
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Figure 20: Stage XVm (Instar 2) of Procambarus clarkii. Larvae are 
5 1/2 mm from tip of telson (TE) to the rostrum (RO). Periopods (PE) 
are present. Heart rate is 255 -  9bpm. Antennae (AN) are 3mm 
long. Image modified from Andrews (1907).
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and limbs appear more proportioned (Andrews, 1907). The céphalothorax appears much 
less swollen and more elongated. The telson and many appendages bear setae. The fibrst 
antennae has six segments. The mandible has six or seven teeth on its free edge and three 
above the palpus (Figure 20). Heart rate ranges from 262 to 294 bpm with a mean heart 
rate o f274 ± 4 bpm.
Stage X K  (Instar 3) is defined by a complete tail-fan, with both telson and widely 
expanded pleopods forming a large surface area for swimming (Figure 21). Heart rate 
ranges from 254 to 300 bpm with a mean heart rate of280 ± 6 bpm. Larvae is now 
8000pm long with antennae 4000pm.
A terminal larval molt is followed by the juvenile stage. The juvenile stage is similar 
morphologically to the adult.
Discussion
Developmental rates vary between species and within species of Decapods. 
Temperature, pH, as well as other environmental variables can play a significant role in 
modifying developmental timing. Many decapod crustaceans go through the same 
developmental stages although stages may be condensed or truncated depending on the 
species (Spicer and Morritt, 1996). Procambarus clarkii is a direct developing species 
that has reduced its gestation time (embryonic period) to approximately three weeks, then 
hatch into functional larvae. They then have three larval stages, during which they remain 
with the female for protection. After the terminal larval molt, they take on the form of a 
miniature adult (juvenile), yet are not mature physiologically.
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Stage XIX
RO
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Figure 21: Stage XIX (Instar 3) of Procambarus clarkii. Larvae are 
8 mm from tip of telson (TE) to the rostrum (RO). Periopods (PE) 
are present. Heart rate is 274 -  4bpm. Antennae (AN) are 4mm 
long. Image modified from Andrews (1907).
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The s ta ^ g  scheme îox Procambarus clarkii parallels established staging schemes of 
the freshwater crayfish Austropotamobiuspallipes and Pacifastacus leniusculus (Celada 
et al. \ 1991). In the scheme presented here, the chronology of key developmental events 
is maintained without regard to species. The duration of those events, however, may be 
modified depending on the species. For example, A. pallipes has 16 embryonic stages 
that are comparable to P. clarkii stages but has a gestation time (days between spawning 
and hatching) of 82 days. The crayfish, Astacus astacus, has a gestation of 8 months and 
still follow, chronologically, all of the same key developmental events as Procambarus 
clarkii and differ only in the duration of each stage. The crayfish Pacifastacus leniusculus 
has a gestation time of 70 days, and also follows the same sequence of development as P. 
clarkii.
Because the staging scheme of the American lobster Homarus americanus only 
possesses the ability to stage animals that are equivalent to the crayfish naupliar stages, the 
staging scheme cannot be compared to the crayfish staging scheme. The lobster staging 
scheme is based on an eye index with the first stage being equivalent to the first naupliar 
stage of the P. clarkii. The eye index works well for lobster staging because eye 
pigmentation is observed throughout the 160 days gestation of the lobster. Procambarus 
clarkii eyes do not produce pigmentation until Stage XV, just prior to hatching into larval 
stages so an eye index would not be sufficient to stage crayfish embryos. Although the 
staging scheme for the crayfish is not comparable to that of the lobster in regard to the 
timing of the staging scheme, the sequence of most of the key developmental events
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remains intact. The chronology of key developmental events, therefore should be carefully 
studied for each species of decapod.
Summary
A developmental staging scheme, based on defined morphological landmarks, has been 
established for Procambarus clarkii. This will allow greater precision in determining the 
developmental stage of P. clarkii embryos used for anatomical and physiological studies. 
It is imperative that animals used for physiological studies be grouped into similar 
developmental stages to facilitate proper comparison. This staging scheme will be helpful 
to researchers who study developmental events in decapods.
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CHAPTER 3
VIDEOMICROSCOPY AND DIMENSIONAL ANALYSIS 
USED FOR ANALYSIS OF CARDIAC OUTPUT IN THE GRASS SHRIMP
Palaemonetes pugio
Abstract
Videomicroscopy was used to facilitate cardiac dimensional analysis and to monitor 
cardiac functions (heart rate, stroke volume and cardiac output) in the grass shrimp 
Palaemonetes pugio. A dye dilution and video analysis techniques were used 
simultaneously for calculating cardiac output to compare and establish the accuracy of the 
video analysis in crustaceans. There was no significant difference in the two methods for 
analysis of cardiac output in the grass shrimp. The video analysis technique under­
estimated cardiac output by less than 13% compared to the dye dilution method. The 
videomicroscopy technique was employed to monitor cardiac parameters in grass shrimp 
exposed to varying degrees of hypoxia (Poz's = 20, 13.3, 10,5.3, and 2 KPa 0%) Shrimp 
did not respond to hypoxia like other crustaceans (crayfish, lobsters and crabs). Heart rate 
increased significantly when Po% was reduced to 13.3 KPa 0% Stroke volume was Poz
45
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dependent, declining significantly with decreasing P0 2 . Cardiac output was maintained 
until P02  fell below 10 KPa O2 Grass shrimp are hypoxic tolerant yet exhibit a response 
to hypoxia that is atypical compared to other crustaceans. Most crustaceans respond to 
hypoxic conditions with an increase in heart rate, decrease in stroke volume, and a 
maintenance of cardiac output.
Introduction
The purpose of this research was two-fold: 1) to compare measurements of cardiac 
output made using a videomicroscopic dimensional analysis technique against an 
established technique of dye dilution technique and 2) to determine the cardiac response of 
a small hypoxic tolerant Decapod crustacean (grass shrimp- Palaemonetes pugio) to 
decreased oxygen concentrations (P02).
The videomicroscopy technique is a non-invasive technique for obtaining 
cardiovascular measurements that allows long term observations with little disturbance to 
the animal (Burggren, 1987; Burggren and Fritsche, 1995; Hou and Burggren, 1995; 
Chapman and Reiber, 1997; Chapman and Reiber, 1998). Burggren and Fritsche (1995) 
describe techniques, including the videomicroscopy technique, for measuring 
cardiovascular variables in animals weighing as little as a few mg. The accuracy of this 
technique has not been established in crustaceans. In this study, a comparison was made 
of estimations of cardiac output using a dye dilution technique and the videomicroscopy 
technique.
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Decapod crustaceans exhibit a variety of cardiovascular responses under hypoxia. In 
general, oxygen conductance increases with progressive hypoxia in part due to alterations 
in cardiovascular parameters (Reiber, 1995; Reiber et a l, 1992). Decapods exposed to 
progressive hypoxia tend to decrease heart rate, which has been demonstrated in a number 
of species (Larimer and Gold, 1961; Larimer, 1962; McMahon et a l, 1974; deFur and 
Mangum, 1979; Wheatly and Taylor, 1981; Reiber et a l, 1992). As heart rate decreases a 
concomitant increase in stroke volume takes place, thus, maintaining cardiac output at or 
near normoxic levels. The increase in stroke volume appears to be due to an increase in 
end diastolic volume resulting from both an increased filling time and filling pressure 
(Reiber, 1998). These responses are all based on measurements from reasonably large 
animals which excludes the vast majority of Decapod crustaceans. It is difiBcult to 
measure heart rate, stroke volume and cardiac output in very small crustaceans. In this 
study, videomicroscopy dimensional analysis was used to monitor cardiac performance as 
Poz was decreased. Grass shrimp should exhibit a cardiovascular response to progressive 
hypoxia comparable to other decapod crustaceans, thus, exhibiting a decrease in heart 
rate, an increase in stroke volume, and a maintenance of cardiac output.
Materials and Methods
Animal Maintenance 
Adult male grass shrimp {Palaemonetes pugio) were obtained from Gulfspecimen 
Marine Laboratories Inc. (Panacea, Florida). Shrimp were held in the laboratory in 35 L 
aquaria at 25* C and lOOOmOsm and fed marine invertebrate food once a week.
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Videomicroscopic Technique 
Animals were held within an experimental chamber by gluing the lateral céphalothorax 
to the flattened end of a wooden applicator stick using a minimal amount of cyanoacrylate 
glue (Figure 1). The animal’s position within the experimental chamber was adjusted with 
a micromanipulator. Temperature and P02 of the experimental chamber were established 
and maintained using a gas mixing flowmeter (Gas Mixing Flowmeter GF3/MP) and a 
circulating water bath (VWI Scientific 1160). Shrimp were exposed randomly to each 
water treatment with Poz’s of 20, 13.3, 10, 5.3, and 2 KPa Oz
Cardiac Output Determined Using Dimensional Analysis Technique 
Cardiac parameters (heart rate, stroke volume and cardiac output) were determined 
using videomicroscopy dimensional analysis. Experiments were recorded using a 
dissecting microscope (Leica Stereozoom 6 Photo) equipped with a video camera (World 
Precision Instruments, Inc. Oscar Color Camera Vidcam), super VHS video recording 
system (Panasonic PV-54566) and a Horita time code generator (VG-50). Tapes were 
analyzed by replaying tapes on an editing tape player (Panasonic AG-DS550) which 
allowed the tape to be advanced ffame-by-ffame (60 Hz sampling speed) to estimate 
minimum cardiac volume (end systolic volume) and maximum cardiac volume (end 
diastolic volume). Cardiac volumes were estimated using the following equation:
w(0.5h(b+a))
where w = width, h = height, a = base length, and b = top length
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Stroke volume was determined to be the difference between cardiac volumes in systole 
and diastole. Cardiac output was estimated by multiplying stroke volume by heart rate. 
Thirty cardiac cycles were analyzed for each animal at each treatment.
Cardiac Output Determined Using Dye Dilution Technique 
Shrimp were prepared within the experimental chamber as described above. A laser 
diode (630 nm) was added under the experimental chamber and its light passed through 
the animal and into the videomicroscope. The microscope had been modified by placing a 
CBS red 650nm monochromatic light cutoff filter (Carolina Biological Supply Company) 
over the lens. An animal was injected with a IM solution of Evan's blue dye mixed in a 
physiological saline solution (absorbs at 620-630 nm) using a nanoliter injections system 
(TAURUSL-B, World Precision Instruments, Inc.). Microelectrodes (2pm barrel) were 
used to infuse the dye into the pericardial sinus of the animal. Circulating dye 
concentrations were determined by analyzing the rideo image fi'ame by fi*ame for image 
intensity with time. Dye dilution curves were constmcted as dye returned to the heart.
Data Analysis
Estimations of cardiac output were determined in each shrimp using the dye dilution 
and dimensional analysis techniques for a direct comparison of the two techniques (N =
1S). A paired t-test was used to assess significance between the methods. The effects of 
hypoxia were evaluated by calculating a mean value for heart rate, stroke volume and 
cardiac output for each treatment condition (Poz’s of 20, 13.3,10, 5.3, and 2 KPa Oz) (N 
= 10). Values obtained from individuals exposed to the same treatment were pooled.
Mean value and standard error were calculated. The significance of treatment effect was
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assessed with a one-way analysis of variance (NCSS, version 5.03). Where treatment 
effects were shown to be significant (P < 0.05), group means were compared using 
Newman-Keuls multiple range test.
Results
The standard dye dilution techniques estimates of cardiac output were not found to be 
significantly different fi-om those of the videomicroscopy dimensional analysis technique (p 
= 0.223). The videomicroscopy technique gave a slightly lower value for cardiac output 
(13%) as compared to the dye dilution method (Figure22).
Heart rate increased significantly (p = 0.012) when water Poz was reduced to 13.3 
KPa and remained significantly elevated until water Poz fell below 5.3 KPa. Heart rate 
then decreased (Figure23). Stroke volume declined as the Poz was decreased to 13.3 KPa 
and declined with falling Poz (Figure 24). Stroke volume was dependent on water Poz 
Cardiac output was maintained until water Poz fell below 10 KPa Oz (Figure 25). Cardiac 
output decreased significantly (p = 0.034) below 5.3 KPa Oz
Discussion
The dimensional analysis technique for estimation of cardiac output was compared to a 
standard dye dilution technique. Both techniques were employed simultaneously on grass 
shrimp under normoxic conditions. The dimensional analysis technique under-estimated 
cardiac output by 13% compared to the dye dilution method (not significant). The 
invasiveness of the dye dilution technique makes it a poorer method than the
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Figure 22: Comparison of videomicroscopy and dye dilution methods for 
for estimation of cardiac output in the grass shrimp. There was no significant 
difference between the two methods. (p<0.05)
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Figure 23: Grass shrimp heart rate with varying Po% levels. * indicates 
significant difference from normoxic values (p<0.05).
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Figure 24: Grass shrimp stroke volume with varying Po; levels. * indicates 
significant difference from normoxic values (p<0.05).
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Figure 25: Grass shrimp cardiac output with varying Po; levels. * indicates 
significant difference from normoxic values (p<0.05).
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videomicroscopy dimensional analysis technique in calculating cardiac output in embryonic 
crayfish. The dye dilution technique could give a higher estimate of cardiac output due to 
the increase in the amount of circulating fluid (hemolymph + dye solution) present. An 
additional bolus of fluid introduced into the animal prior cardiac output measurements may 
skew the results to make cardiac output seems larger than it is. On the other hand, 
because the technique is invasive and an actual puncture must be made to introduce the 
microelectrode into the pericardial sinus, hemolymph may leak fi'om the wound causing a 
decrease in the amount of hemolymph and, thus, decrease cardiac output measurements.
In addition, the integrity of the animal may be compromised enough to result in the death 
of the animal. The stress or trauma of the infusion may also elicit cardioactive hormones 
to be released which could effect cardiac output. Taking these complications into 
consideration, the videomicroscopy dimensional analysis technique would be more 
accurate measurement of cardiac output because it is minimally invasive and the animal 
may acclimate and be undisturbed while readings are taken.
Hypoxic Exposure
Grass shrimp are routinely exposed to hypoxic conditions in the tidal regions of marine 
and estuarine environments (deFur and Mangum 1979). The cardiovascular responses of 
this shrimp to hypoxic exposure appears to follow a unique pattern unlike that 
documented for other decapod crustaceans (deFur and Mangum 1979; Wheatly and 
Taylor, 1981; McMahon and Wilkens, 1983; Reiber e/a/, 1992). In most decapod 
crustaceans, hypoxic exposure results in a decrease in heart rate (bradycardia) with cardiac 
output being maintained by a concomitant increase in stroke volume. In grass shrimp.
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heart rate increases significantly (tachycardia) as water P02 is decreased from normoxia to 
13.3 mmHg O2 There is no significant change in heart rate as water P02  is further 
decreased to 5.3 KPa O2, below this heart rate dropped to normoxic levels. Stroke 
volume decreased significantly as water P02 decreased. Cardiac output was maintained at 
normoxic levels down to a P02 of 5.3 KPa O2, below this cardiac output fell significantly. 
Grass shrimp defend cardiac output by increasing heart rate thereby compensating for a 
decrease in stroke volume.
This response is unlike that observed in crayfish, lobster or crabs, where hypoxic 
exposure results in a decrease in heart rate, an increase in stroke volume, and a 
maintenance of cardiac output (Reiber, 1995; Reiber and McMahon, 1998). The 
bradycardia observed during hypoxic exposure in some decapods appears energetically 
favorable, and allows for a passive increase in diastolic filling time (thus an increase in end 
diastolic volume) and consequently an increase in stroke volume. It is obvious from the 
pattern exhibited by the grass shrimp that a different compensatory strategy is being used. 
Perhaps the increase in heart rate of the grass shrimp when water Po2 is decreased to 13.3 
KPa O2 serves more to maintain cardiac output. The decrease in O2 getting to the cardiac 
tissue may impair its ability to alter the strength of the contraction. Because the heart is 
neurogenic, altering the frequency of ganglionic bursts and therefore heart rate, could 
serve to maintain cardiac output in the grass shrimp exposed to hypoxia. Increasing the 
rate of contractions would lead to less filling time and ultimately a decrease in stroke 
volume. This is what is seen in the grass shrimp. Below 5.3 KPa O2, heart rate decreases 
to normoxic levels and stroke volume and cardiac output both decrease significantly. At
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this level, the partial pressure of oxygen in the water may not be enough to supply the 
heart with enough oxygen to maintain normal cardiac function, causing the decrease in all 
cardiovascular parameters.
The existing data on compensatory mechanisms to hypoxia focus on larger crustaceans 
such as crabs, lobster, and crayfish. The stratèges for these larger crustaceans are 
opposite of what is seen in the smaller crustacean, the grass shrimp. Size may play a role 
in the strategy chosen to deal with decreased oxygen levels. Perhaps it is more beneficial 
in a smaller animal to maintain flow (cardiac output) by increasing the speed at which the 
hemolymph is circulated as opposed to the amount of hemolymph that is pumped per 
contraction of the heart. In the larger crustaceans, cardiac output is maintained via a 
compensatory increase in stroke volume in response to a decrease in heart rate. It would 
seem that they are still initially manipulating heart rate and, as a result, influencing stroke 
volume and cardiac output. It would seem logical, if heart rate is manipulated in response 
to hypoxic water, that it should increase to increase flow to areas of gas exchange. This 
is what we see in the grass shrimp.
Summary
The videomicroscopy dimensional analysis technique is a useful, accurate, and less 
invasive method for determining cardiac output in small crustaceans than standard dye 
dilution techniques. Using the videomicroscopy technique, we found 
a difference in the compensatory mechanisms employed by the small crustacean grass 
shrimp and those employed by the larger crustaceans, crabs, lobster, and crayfish. Smaller
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crustaceans appear to manipulate heart rate rather than stroke volume to maintain cardiac 
output, whereas the larger crustaceans tend to manipulate stroke volume. This could in 
part be due to the size or it may just be a different method in dealing with declining 
oxygen.
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CHAPTER 4
CARDIAC DEVELOPMENT IN THE CRAYFISH 
Procam barus clarkii:
A PHYSIOLOGICAL INVESTIGATION
Abstract
Cardiac development is critical to embryonic viability because it is the only convective
process available to facilitate gas exchange within the egg. Convection allows greater
oxygen extraction from the environment through the egg membrane by eliminating
boundary layers and increasing difrlisional gradients. Cardiac contractions produce
movement of the hemolymph, causing mixing of low oxygen and high oxygen containing
hemolymph. As the embryo grows in metabolizing mass and uses more oxygen, these
convective processes are vital to embryonic survival. Thus, the cardiovascular system of
embryonic crayfish first becomes functional well before the animal hatches into larval
stages. Even with this convective process, it has been hypothesized that late stage
embryos become internally hypoxic due to limited surface area for exchange of O2 and
CO2 during later embryonic stages. To substantiate this, cardiovascular parameters (heart
rate, stroke volume, and cardiac output) were analyzed throughout development of the
crayfish Procambarus clarkii using a videomicroscopy technique. Heart rate, stroke
volume, and cardiac output all decrease significantly just prior to eclosion (hatching). This
59
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type of cardiac response appears to be analogous to that of adult crayfish hypoxic 
response. To determine if the decrease in cardiac parameters resulted from an internal 
hypoxia, early and late stage embryos were exposed to hyperoxic water. Heart rate in late 
stage embryos increased significantly over control values when exposed to hyperoxic 
water (P0 2  = 40 KPa O2) but did not increase significantly in the early stage embryos. 
Evidence is provided that decreased cardiac function prior to hatching is due to an oxygen 
limitation to the embryo (an internal hypoxia).
Introduction
Decapod crustaceans encounter a wide range of environmental P0 2  S and therefore 
exhibit a diverse array of metabolic, physiological, morphological, and behavioral 
responses toward hypoxia (Reiber, 1995). A commonly observed response toward 
hypoxia in Decapods is a decreased heart rate (bradycardia) (Wilkens, 1993). This 
hypoxia induced bradycardia has been well documented in adult crayfish (Procambarus. 
clarkii) (Burggren and Wilkens, 1978; Reiber, 1995). Other crayfish (Austropotamobius 
pallipes and Astacus astacus) have also been shown to decrease heart rate in response to 
hypoxic exposure (Reiber, 1997; Reiber, 1995; Wilkens, 1993; Charmantier and Mounet- 
Guillaume, 1992; Celadae/u/, 1987; Hessen era/., 1987).
The adaptive significance of hypoxia-induced bradycardia is not well understood. 
Bradycardia may be the result of either a decrease in cardiac metabolism, which would 
cause a decrease of both rate and strength of the heart beat, or it may be mediated through 
the regulatory nerves that supply the heart (Larimer, 1962). This second scenario is
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supported by Reiber (1995) who found that crayfish maintain cardiac output under 
hypoxia through increased stroke volume instead of heart rate. If hypoxia induced 
bradycardia was due a reduction in cardiac metabolism (the former), the strength of 
contraction could not increase, and cardiac output would not be maintained (Larimer, 
1962). Several studies have shown that stroke volume, rather than heart rate, is the 
primary mechanism used by decapods to regulate cardiac output (Reiber, 1995; McGaw, 
1994; McMahon and Burnett, 1990). The mechanism for this is thought to be an increase 
in pericardial sinus pressure which leads to an increased filling pressure and end diastolic 
volume (Reiber, 1995). This mechanism would cost little in terms of energy expenditure. 
The increase in stroke volume is more likely to be the result of a combination of both 
regulatory nerves supplying the heart and the increase in pericardial sinus pressure.
While stroke volume and cardiac output appear to be important indicators of 
cardiovascular responses to stresses, many studies use only heart rate to assess the 
physiological state of the animal (Orlando and Finder, 1995). Heart rate alone, however, 
cannot give a complete picture of cardiac performance. Cardiac output and stroke volume 
are broad measures of cardiac performance that can vary over wide ranges with little or no 
variation in heart rate (Orlando and Finder, 1995). A more thorough understanding of the 
cardiovascular response to a given disturbance can only be determined by evaluating a 
number of key cardiovascular parameters rather than a single parameter.
To date, there is little information on crustacean embiyonic and larval hypoxic 
responses. Cardiac functions in embryos and larvae can quite different from those of 
adults because centers of metabolic activity shift during development (Reiber, 1997).
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Also, embryonic crayfish experience limitations that are distinct fi'om adults and may result 
in different responses to a given perturbation. For example, late-stage embryos are 
oxygen limited not only by ambient P0 2 , but also by the diffiisional limits of egg 
membranes. During development, embryos increase metabolizing mass yet are bound by 
the egg case which results in a limited surface area for oxygen exchange. Increasing mass 
and the egg case increases the probability of internal hypoxia. Embryonic and larval 
responses to this hypoxia may differ fi'om that of an adult crayfish.
The Pent (critical level of oxygen to maintain aerobic metabolism) for the adult crayfish 
is approximately SKpa at 2S°C, below this they must decrease metabolic activity and 
switch to anaerobic metabolism (Reiber, 1995). This shift fi’om aerobic to anaerobic 
metabolism is evident in cardiac responses that decrease significantly at that time. It has 
been shown that 16 day old embryonic crayfish (Stage XTV) decrease heart rate 
significantly when water P02 was dropped to SKPa (adult-like response). Cardiac activity 
of embryos at day 20 (Stage XVI), just prior to hatching, are not significantly responsive 
to hypoxic exposure. This does not follow the adult pattern and is attributed to the 
possibility that they are already hypoxic. Earlier stages are not oxygen limited due to the 
large surface area, and therefore do not show this pattern. Heart rate for animals at day 
20 (Stage XVI) are the same as those for day 16 (Stage XIV) embryos under hypoxic 
conditions (2KPa). It was therefore hypothesized that 1) heart rate, stroke volume, and 
cardiac output would decrease shortly before hatching due to internal hypoxia and 2) 
exposure to hyperoxic water could return heart rate of late stage embryos to levels found 
in early stage embryos.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
63
Materials and Methods
Animal Maintenance and Breeding 
Adult male and female crayfish were purchased from Atchafalaya Biological Supply 
Co., Inc. (Raceland, LA). The animals were maintained in our laboratory (Las Vegas, 
NV) in 3SL aquaria (5-6 animals to an aquarium) at 25* C and fed twice a week (Romaine 
lettuce and liver). Mature females were separated from other animals and placed into 
plastic containers and placed in a room maintained at 25°C and 14:10 D:L cycles.
Females were allowed to acclimate for 3-4 days, after which a sexually mature male was 
placed in the container. The pair was observed for mating behavior and if mating did not 
ensue within 20 minutes, the male was replaced with another male and again observed for 
copulatory behavior. If copulation occurred, the animals were left together for 5 hours 
and then separated to prevent cannibalism. After mating females were placed into a 
nursery aquarium and observed daily until eggs were laid.
Baseline Cardiovascular Parameter 
Crayfish eggs were removed from females and attached to an applicator stick using 
cyanoacrylate glue. Animals were acclimated for 30 minutes in a flow-through 
experimental chamber for 30 minutes (Figure 1). Water ( 25°C, pH=7.0, Poz= 20 KPa) 
flowed over the animal at a rate of 12 mlmin' and then over an oxygen electrode. The 
P02  and temperature of the reservoir water were established and maintained using a gas 
mixing system (Gas Mixing Flowmeter GF3/MP) and a circulating water bath (VWR 
Scientific 1160). A microscope (Leica Stereozoom 6 Photo) was equipped with a video 
camera (World Precision Instruments, Inc. Oscar Color Camera Vidcam), super VHS
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video recording system (Panasonic PV-S4S66), and a Horita time code generator (VG 
50). Animals were recorded and then analyzed frame-by-frame (60 Hz sampling speed) on 
an editing tape player (Panasonic AG-DS550).
Animals were allowed to acclimate for 30 minutes before data collection. Seven 
animals were videotaped at each stage of development from Stage Xin to Stage XIX. 
Heart rate for each animal was determined from three 30 second intervals. Embryonic 
crayfish hearts were modeled as a prolate spheroid (cardiac volume = 4/37cab )̂; where a 
and b are half of the measured long and short axes of the heart, respectively. The 
difference between end systolic volume and end diastolic volume represented stroke 
volume. The parameters necessary for this calculation were obtained using DIGTEYS 
system (Sable Systems Inc.; Henderson, NV) Cardiac output was the product of stroke 
volume and heart rate. Heart rate, stroke volume, and cardiac output were estimated for 
each developmental stage.
Hypoxia
Thirteen animals of Stages XIII and XVI were acclimated for 30 minutes and control 
heart rate was collected. Control and experimental Poz's (20,40 KPa O2 ) were 
established and maintained by adjusting the gas mixing system. Heart rate was determined 
as previously described above for both control and experimental conditions at Stages Xm  
and XVI.
Statistical Analysis
Baseline cardiovascular parameters were established by pooling values obtained for 
each stage (N = 7), and a mean and standard error calculated. The significance of each
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Stage was assessed using a one-way analysis of variance (NCSS, version 5.03). Where 
treatment effects were shown to be significant (p < 0.05), group means were compared 
using Newman-Keuls multiple range test. For analysis of hyperoxia exposure (N = 13), a 
students t-test was used with significance at the level of p < 0.05.
Results
Ontogeny o f Heart Rate 
Cardiac contractions begin in embryonic crayfish at Stage XIII, with a mean heart rate 
of 160 ± 3 beats’min* (bpm). Heart rate was irregular at this time characterized by very 
long peristaltic-like contractions, as well as periods of cardiac arrest. Mean heart rate 
remained unchanged (163 ± 2bpm) through Stage XIV when heart rate increased 
significantly (p = 0.0384) to 192 + 6bpm. At Stage XV, heart rate decreased significantly 
(p = 0.0438) tol49±3bpm and remained at this rate until eclosion. Upon hatching, heart 
rate increased significantly (p = 0.0078) to 255 + 9bpm at Stage XVI (the first larval 
stage). Heart rate remained high through all larval stages (Figure 26).
Ontogeny o f Stroke Volume 
Stroke volume was variable throughout development. Stroke volume showed little 
variation fi'om Stage XUI to XIV (4.47 + 0.74 and 3.19 ± 0.43nl/beat) but increased 
significantly (p = 0.003) at Stage XV(9.34 + 1.31nl/beat). Just before hatching (Stage 
XVI) stroke volume decreased significantly (p = 0.002) to 3.08 ± 0.65nl/beat. After 
hatching (Stage XVII) stoke volume increased significantly (p <0.001) to 12.4 +
1 79nl/beat. At Stages XVII and XIX, stroke volume decreased fi'om the first larval stage
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to the second larval stage, with no significant (p = 0.197)change occurring fi’om the 
second to third larval stages (Figure 27).
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Figure 26: Ontogeny of heart rate in the crayfish Procambanis clarkii. 
* indicates significance of p<0.05.
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Figure 27: Ontogeny of stroke volume in the crayfish Procambarus clarkii. 
* indicates significance of p<0.05.
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Ontogeny o f Cardiac Output 
Cardiac output increased significantly (p = 0.000) from 178 + 96pl/min pre-hatching 
(Stage XVI) to 3130+ 46nl/min post-hatching through the first larval stage (Stage XVII). 
Cardiac output then followed stroke volume by decreasing at Stage XVIII and output 
remained stable into Stage XIX (1660 + 43 and 1747 + 47jil/min) (Figure 28).
Hyperoxia
Stage XTV and Stage XVI animals were selected to represent animals thought to be 
under an internal normoxia and hypoxia, respectively. No significant change was observed 
in Stage XIV animals when exposed to hyperoxic water. Stage XVI animals increase 
heart rate significantly (p = 0.001) (from 138 ±6 to 159 + 6bpm) (Figure 29).
Discussion
The mechanisms by which embryonic cardiac contractions are initiated in the crayfish 
are not clearly understood. The function appears to facilitate gas transport in developing 
embryos (Reiber, 1997), although Burggren and Territo (1995) have suggested that this 
early heartbeat appears to serve an angiogenic function. Crayfish rely on diffusion for gas 
exchange during early embryonic development (Reiber, 1997). Embryos are increasing in 
metabolizing mass throughout development yet egg surface area remaining unchanged. 
There comes a point when the embryo outstrips the membrane capacity to supply oxygen 
through diffusion to late stage animals. Convective processes, such as cardiac pumping, 
should facilitate gas exchange.
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Figure 29: Heart rate of two stages of embryonic crayfish exposed 
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It is thought that cardiovascular parameters (heart rate, stroke volume, and cardiac 
output) measured throughout embryonic development decline because internal convective 
processes are insufficient to facilitate adequate gas exchange. Cardiac functions in this 
state are compromised and the embryo can no longer maintain O2 uptake. Heart rate 
increases in later stage embryos exposed to hyperoxic water. By increasing the amount of 
ambient oxygen, the diffiisional gradient for oxygen is increased and more oxygen passes 
through the egg membrane to the animal. The increase in oxygen availability results in an 
increase in heart rate in late stage animals that are thought to be experiencing an internal 
hypoxia. An increase in the amount of ambient oxygen did not increase heart rate in early 
stage embiyos but did in late stage embryos. This suggests that oxygen limitation is the 
cause for the decrease in heart rate, and possibly the decrease in stroke volume and 
cardiac output as well, exhibited by late stage embryos.
Stroke volume does not appear to be as tightly regulated as heart rate throughout the 
development of the crayfish. Many crustaceans adjust stroke volume to modulate cardiac 
output (review in McMahon and Burnett, 1990; McGaw et al, 1994; Reiber, 1995). In 
embryonic crayfish is appears that heart rate dictates cardiac output throughout 
development under normal conditions. When cardioactive drugs are infused into 
embryonic crayfish, it appears that stroke volume plays more of a key role in regulating 
cardiac output (Chapman and Reiber, 1998).
Cardiac output declined during embryonic development, probably because of a general 
reduction in O2 availability as the embryo outstrips the diffusion capacity of its membrane 
to supply O2 At eclosion, the limitation to gas exchange is removed, and active
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respiratory mechanisms become functional. Cardiac output increases after hatching 
probably due to an oxygen debt experienced just prior to hatching. An increase in flow to 
those areas deprived of oxygen is imperative when oxygen becomes available. If oxygen 
does not become readily available to the embryo at that point, the embryo will die.
The diffusion gradient of oxygen into the egg across the egg membrane is increased 
when eggs are exposed to hyperoxic water. When Stage XVI animals (0% limited) were 
exposed to hyperoxic water, their heart rate increased significantly. Interestingly, Reiber 
(1995) found heart rate for Stage XVI animals (late stage embryos that are presumably 
internally hypoxic) are comparable to the heart rates of earlier stages placed 
experimentally under hypoxic conditions.
Summary
Midway through embryonic development the embryonic heart of the crayfish starts to 
contract and operates as a convective process in the embryo. Cardiac contractions 
produce movement of the hemolymph, mixing low and high oxygen containing 
hemolymph. As the embryo grows in metabolizing mass and uses more oxygen, these 
convective processes are vital to embryonic survival. The cardiovascular system facilitates 
gas exchange in this capacity until the animal hatches and respiratory mechanism become 
functional. Late in development, embryos may become internally hypoxic because of the 
increase in metabolizing mass and the outstripping of the diffusion capacity of the egg 
membrane to supply enough oxygen to maintain normal metabolism. This hypoxia results 
in a decrease in all cardiovascular parameters (heart rate, stroke volume, and cardiac
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output) as development proceeds. Late stage embryos exposed to hyperoxic water 
increased heart rate indicating the ability to reverse the effects of the internal hypoxia.
The data supports the hypothesis that heart rate, stroke volume, and cardiac output would 
decrease prior to hatching because of the development of internal hypoxia.
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CHAPTERS
ONTOGENY OF NEUROHORMONAL REGULATION OF THE 
CARDIOVASCULAR SYSTEM IN THE CRAYFISH Procambarus clarkii
A bstract
Adult crayfish have a neurogenic heart, regulated extrinsically by the cardiac ganglion. 
Evidence is provided to support the idea that 1) early in development the heart of the 
crayfish Procambarus clarkii is myogenic and 2) the heart starts to beat before the system 
is mature. In this study, neurohormones (proctolin, serotonin, GAB A, and octopamine) 
were infused into the pericardial sinus of crayfish embryos and larvae to establish the 
timing of the transfer of the pacemaker fi'om the myocardium to the cardiac ganglion. 
Cardiac responses to the cardioactive drugs were looked at to see when the system could 
be functional. GABA and serotonin elicit paradoxical responses in the embryos to the 
larvae and adults suggesting that neurohormonal cardiac regulation of early embryos is 
quite different from that of late embryos and adults. The cardiac response elicited by each 
cardioactive drug changes throughout embryonic development. Early in development, 
octopamine, serotonin, and proctolin (1 x 10’® to 1 x lO’̂ M) do not elicit a stroke volume 
response, yet later in development show a significant increase in stroke volume in response
74
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to the same drugs. Adult-Uke responses, defined here as a significant change in heart rate 
and stroke volume in response to cardioactive drugs in the same manner as the adult, are 
not attained for all four cardioactive drugs until late larval stages. Data suggests that a 
developmental window exists for the responses to cardioactive drugs during 
development. Although early embryos are competent of cardiac regulation, it is quite 
different from that of adults.
Introduction
There are three levels of cardiac regulation in decapod crustaceans; the cardiac 
ganglion, the cardioacceleratory and cardioinhibitory nerves of the central nervous system, 
and the neurohormones of the pericardial organ. The cardiac ganglion is made up of nine 
neurons; five large motor neurons that innervate the heart muscle and four small neurons 
that initiate and sustain rhythmic activity (Maynard, 1955; Kuramoto, 1990). Because 
cardiac ganglion burst rate determines heart rate, any perturbations affecting heart rate 
must do so by directly altering the pacemaker properties of these neurons (Wilkens, 1993). 
Modifications can be imposed upon the cardiac ganglion via the central nervous system 
(CNS) or via circulating neurohormones acting on the myocardium or on the cardiac 
ganglion directly. In Procambarus clarkii, the CNS innervates the cardiac ganglion with 
bilaterally paired dorsal cardiac nerves containing one inhibitory and one acceleratory fiber 
(Field and Larimer, 1975). In adult crayfish, stimulation of the cardioaccelatory nerve 
increases heart rate and cardiac output and decreases stroke volume. Stimulation of the 
cardioinhibitory nerve decreases heart rate, stroke volume and cardiac output (Hill, 1992).
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Neurohormones modulate cardiac function when released by the pericardial organ into the 
pericardial sinus by altering ganglionic burst frequency and duration. Neurohormones 
may also act directly on the myocardium itself. In crustaceans, excitation of the 
myocardium is not an all-or-none phenomenon. Instead, gradations are achieved by 
altering burst intensity, burst length, or increasing the number of neurons or muscle units 
excited. Cardiac contractions are controlled by the cardiac ganglion which can be 
influenced by the CNS or by circulating neurohormones (extrinsic regulation).
Extrinsic regulation, via circulating neurohormones, has been demonstrated in many 
crustaceans. In Decapods, cardioaccelatory nerves release dopamine, octopamine, and 
proctolin (Sullivan et a i, 1977). Cardioinhibitory nerves release y-amino-butyric acid 
(GABA). The pericardial organ releases serotonin in addition to dopamine, octopamine, 
and proctolin. It is not clear if these neurohormones are produced or just stored in the 
pericardial organs (Airress and McMahon, 1992). Pericardial hormones exert action on 
the myocardium, cardiac ganglion, cardiac valves, stomach, gastric mucosa, CNS, and 
skeletal muscle of crustaceans. Four neurohormones were used for this experiment and 
are described in detail below (octopamine, serotonin, proctolin, and GABA).
Octopamine is a monoamine produced in and/or stored by the pericardial organ of 
Decapod crustaceans (Sullivan et a i, 1977; Airress and McMahon, 1992). A cardiac 
response is elicited at 10'*M (threshold level) and circulating concentrations are 10 '*M 
and 10'®M in the hermit crab (Yazawa, 1994). Octopamine enhances cardiac muscle 
contraction directly and is considered an excitatory cardiac modulator in crayfish 
(Guirguis, 1995; Benson, 1984). In isolated crustacean hearts and intact animals.
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octopamine infusions induce tachycardia (Cooke, 1966; Florey and Rathmayer, 1978; 
Grega and Sherman, 1975; Wilkens et al., 1985; Battelle, 1978; Airress and McMahon, 
1992). Guirguis (1995) found a 30 minute increase in heart rate of Homarus americanus 
at 25°C. In the Portunid crab, octopamine acts by decreasing ganglionic burst frequency 
in isolated ganglion in a dose dependent manner with responses ranging from 10"̂  to 10* 
*M. Each burst of the ganglion results in a single myocardial contraction, this change in 
burst frequency results in a change in heart rate (Benson, 1984). Octopamine may inhibit 
the 5 large neurons of the cardiac ganglion, while the 4 small neurons of the cardiac 
ganglion remain active. Cardiac contraction strength of the lobster heart increased when 
infused with 10’* and 10"^  octopamine (Battelle, 1978).
Serotonin (5Ht) is a monoamine found in the pericardial organ of Decapods (Airress 
and McMahon, 1992). Circulating levels of 10'*M and 10"®M have been reported in the 
hermit crab (Yazawa, 1994). In experimental systems, serotonin elicits a cardiac response 
at a concentration of less than 10'*M. Serotonin acts as a cardioexcitatory pericardial 
hormone in Decapods (Cooke and Sullivan, 1982; Yazawa, 1994). Serotonin causes the 
cells of the cardiac ganglion to burst at a higher frequency and with greater duration, 
resulting in an excitatory effect at a wide range of concentrations (Cooke, 1966; Battelle, 
1978). 5Ht does not appear to act on the heart muscle or the dendritic ends of the cardiac 
ganglion, but instead acts on pacemaker mechanism of the heart as an independent effector 
by activating the small cardiac neurons (Kuramoto, 1994; Guirguis, 1995). Serotonin 
increases heart rate in many preparations and in a variety of species (Cooke, 1966;
Battelle, 1978, Cooke, 1966; Florey and Rathmayer, 1978; and Grega and Sherman, 1975;
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Wilkens et al., 1985). Heart rate increases within 30 seconds of serotonin injection in the 
dungeness crab (Airress and McMahon, 1992; Kuramoto, 1988). Serotonin elicits a long 
lasting effect on the heart which has been observed to be maintained for at least 30 
minutes at 21°C (Guirguis, 1995). In Homarus, heart rate increased 79±2 beats/min 
(Guirguis, 1995). While cardiac function is often serotonin dose-responsive, high 
concentrations have been shown to cause cardiac arrest in some species (Wilkens, 1985). 
In lobster, serotonin has been reported to increase in contractility, stroke volume 
(Battelle, 1978; Kuramoto, 1988). Hill (1992), however, noted a decrease in stroke 
volume in lobster.
Proctolin is a pentapeptide pericardial neurohormone in crustaceans that has an 
excitatory effect on myocardial contractions (Miller, 1981; Sullivan et al., 1977; McGaw, 
1994). Proctolin was originally isolated from the hindgut of cockroach {Periplaneta 
americanus) (Sullivan et al., 1977). The long-lasting effects of proctolin began within 45- 
60 seconds after infusion. Circulating concentrations of proctolin have been found to be 
10'®M (Mller, 1981). Unlike octopamine and serotonin, proctolin’s effect is directly on 
the cardiac muscle (McGaw, 1994). It causes an increase in the resting potential of the 
membrane and an increase in Câ * influx into the muscle (Adams et al., 1989). 
Cardiovascular effects of proctolin vary between species of decapod crustaceans (McGaw, 
1994). Proctolin causes an increase stroke volume in Cancer magister of 0.072 ml/beat to 
0.155 ml/beat (McGaw, 1994). Chronotropic cardiac effects are more variable. Proctolin 
causes an increase heart rate in isolated and semi-isolated arthropod hearts (McGaw,
1994). The neuropeptide also has excitatory effects on isolated lobster cardiac ganglion
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
79
(Miller, 1981). Wilkens (198S) found small dose-dependent increases in heart rate of the 
shore crab Carchms maenas with cardiac arrest at 2 x 10'®M.
GABA is thought to be the neurotransmitter released by the cardioinhibitory nerves 
of the central nervous system, acting on the cardiac ganglion and the myocardial 
membrane in Decapods (Yazawa, 1994). In neurons in culture, GABA evokes an increase 
in Cl conductance, thus, shifting the membrane potential. Exogenous application of 
GABA elicits an inhibitory cardiac response at a threshold concentration of 3 x 10'\ 
mimicking the effects of inhibitory nerve stimulation (Otsuka, 1966; Benson, 1989). 
Endogenous concentrations have been estimated at 1-4 x lO'^ moles of GABA (Otsuka, 
1966). In Limulus polyphemus, GABA decreases heart rate and decreases strength of 
contraction, causing cessation of heart rhythm at high concentrations (Benson, 1989). 
GABA functions as an inhibitory transmitter in a wide range of species, and appear to act 
at two levels. First, GABA regulates the rate at which the cardiac ganglion conduct 
impulses by increasing Cl conductance in the neurons. Secondly, GABA modulates the 
tonus at peripheral level by impulses to myocardial membrane by increasing Cl ion 
channel conductance in the cell membrane (Delaleu, 1976). The dorsal cardiac inhibitory 
nerve contains high concentrations of GABA. It was found to be a transmitter substance 
at inhibitory neuromuscular synapses in the lobster (Otsuka, 1966; Yazawa, 1994). In 
tissue culture, GABA directly increases Cl* ion channel conductance in the muscle 
membrane increasing conductance into or out of the cell and reducing membrane potential 
(Adams et al., 1989). GABA acts on both cardiac ganglion and myocardial membrane 
which results in a shift in the membrane potentials and mimics the effects of inhibitory
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nerve stimulation (Delaleu, 1976; Otsuka, 1966). In both invertebrate and vertebrate 
systems, GABA receptors are associated with Cl' channels and appear to regulate their 
activity. A family of invertebrate receptors have been found coupled to anion or cation 
channels (Rauh, 1990).
Embryonic Cardiac Regulation 
Nervous regulation of the crayfish heart is not functional until late larval development 
(Maynard, 1960). Carlson and Meek (1908) found the embryonic heart of the horseshoe 
crab initiates cardiac contractions before the cardiac ganglion is fully developed. The 
embryonic and early larval heartbeat of the isopod Ligia exotica is myogenic (Yamagishi, 
1997). Later in development, spontaneous activity (bursts of the cardiac ganglion) takes 
over as the pacemaker and regulate the heart rhythm. In these animals, regulation of 
cardiac contractions is transferred from an intrinsic spontaneous form of depolarization 
during early development to the cardiac ganglion during late juvenile development. Some 
time during development, the pacemaker must be transferred from the cardiac muscle to 
the cardiac ganglion (Yamagishi, 1997).
Because crayfish assume an adult-like morphology early in development, it has been 
assumed that they attain an adult-like physiology and regulatory patterning at that time. 
Evidence for the myogenicity of the embryonic crayfish heart, however, comes from 
hypoxic sensitivity studies of embryonic and larval crayfish Procambarus clarkii (Reiber, 
1997). Cardiac regulation may be transferred from the myocardium to the cardiac ganglion 
at the third larval stage (Reiber, 1997).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
To study cardiac innervation and the regulatory mechanisms of the cardiovascular 
system during development, cardioactive drugs were infused into the pericardial sinus of 
Procambarus clarkii. If receptors for these drugs are present and functional then the 
infusions should elicit some cardiac response. If heart rate, stroke volume, or cardiac 
output responses are elicited by the infusion of cardioactive drugs, then the receptors for 
those drugs are presumably present and functional. The timing of these responses allows 
the construction of a timeline of the transition from myogenic to neurogenic regulation.
Materials and Methods
Animal Maintenance and Breeding 
Adult male and female crayfish {Procambarus clarkii) were purchased from Atchafalaya 
Biological Supply Co., Inc. (Raceland, LA). The animals were maintained in our 
laboratory (Las Vegas, NV) in 3SL aquaria (S-6 animals to an aquarium) at 25° C and fed 
twice a week (Romaine lettuce and liver). Mature females were separated from other 
animals and placed into plastic containers and placed in an environmentally controlled 
room maintained at 25°C and 14:10 D;L cycles. Females were allowed to acclimate for 
3-4 days, after which a sexually mature male was placed in the container. The pair was 
observed for mating behavior and if mating did not ensue within 20 minutes, the male was 
replaced with another male and again observed for copulatory behavior. If copulation 
occurred, the animals were left together for 5 hours and then separated to prevent 
cannibalism. After mating females were placed into a nursery aquarium and observed daily
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until eggs were laid. Once eggs were laid, they were removed from the female and used 
for experimentation.
Videomicroscopy Technique 
Crayfish eggs were removed from the female and attached to an applicator stick using 
a minimal amount of cyanoacrylate glue. Animals were acclimated in a flow-through 
experimental chamber for 30 minutes (Figure 1). Water of a defined nature ( 2S°C, 
pH=7.0, Po2= 20KPa) was passed over the animal at a rate of 12 mlmin ‘ and over an 
oxygen electrode. The P02 and temperature of the reservoir water were established and 
maintained using a gas mixing system (Gas Mixing Flowmeter GF3/MP) and a circulating 
water bath (VWI Scientific 1160). A microscope (Leica Stereozoom 6 Photo) equipped 
with a video camera (World Precision Instruments, Inc. Oscar Color Camera Vidcam), 
super VHS video recording system (Panasonic PV-54566), and a Horita time code 
generator (VG SO) was used to obtain and record cardiovascular parameters. Experiments 
were recorded and then analyzed by replaying tapes on an editing tape player (Panasonic 
AG-DSS50) which allowed the tape to be advanced frame-by-frame (60 Hz sampling 
speed).
Embryonic crayfish hearts were modeled as a prolate spheroid (cardiac volume = 
4/37cab )̂; where a and b are half of the measured long and short axes of the heart, 
respectively. The difference between end systolic volume and end diastolic volume 
represented stroke volume. The parameters necessary for this calculation were obtained 
using DIGTEYS system (Sable Systems Inc.; Henderson, NV). Cardiac output was the
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product of stroke volume and heart rate. Heart rate, stroke volume, and cardiac output 
were estimated for each developmental stage.
Cardioactive Drug Injections 
Microelectrodes (2|im tip) were attached to a nanoliter injector (World Precision 
Instruments, Inc.). The nanoliter injection system was used to infuse cardioactive drugs 
into the pericardial sinus of the crayfish. Cardioactive drugs were made up and diluted in 
crayfish physiological saline (10.27 g of 176.0mMNaCl, 0.38 g of S.lmMKCl, 0.45 g of 
2.21mM/4.4mEq MgCl 2.6HzO, 0.40 g of 4.8mM/mEq NaHCOs, 2.50 g* of 
22.52mM/45mEq CaCb; makes IL). Animals were set up, as previously described 
(Chapter 2), with the addition of a nanoliter pump and microelectrode. The injection 
electrode was introduced into the animal using a micromanipulator (World Precision 
Instruments, Inc. Taurusl-B). Stage Xm, XV, XVII, and XIX animals (N = 7 at each 
stage) were infused (4.6nl) with each drug (octopamine, serotonin, proctolin, and GABA), 
at four doses (lO'^M, 10‘* M, 10’’ M, and 10'̂  M) over a 20 second period. Control and 
sham animals (N = 7) were infused (4.6nl) with crayfish physiological saline at the same 
four developmental stages. Control measurements of heart rate, stroke volume, and 
cardiac output were collected prior to sham infusions.
Proctolin should cause an increase in heart rate and stroke volume in Stage Xm 
because it acts directly on the myocardium and its action is independent of the cardiac 
ganglion. At Stage Xm, when the heart begins to contract and it is assumed that the heart 
is myogenic, but because of proctolin’s direct action on the myocardium, it should still 
elicit a response.
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Octopamine should cause an increase in heart rate and an increase in stroke volume by 
Stage x m . Octopamine is known to be an excitatory cardiomodulator in crayfish with 
direct action on the myocardium as well as the cardiac ganglion (Guirguis, 1995; Benson, 
1984). Because of its direct action on the myocardium, octopamine should also elicit a 
response at the stage when cardiac contractions are first apparent.
GABA should also elicit a response at Stage Xm  it acts on the myocardial membrane 
as well as the cardiac ganglion. Unlike proctolin and octopamine, GABA is a known 
cardioinhibitor so it would expected that a decrease in heart rate and stroke volume would 
be elicited.
Serotonin acts as an independent effector on the cardiac ganglion so it would not be 
expected to elicit a response until Stage XIX. Serotonin should cause increase in heart 
rate and stroke volume at that stage.
Statistical Analysis
At each stage, a mean value was calculated for heart rate, stroke volume and cardiac 
output for control, sham, and each treatment condition. Values obtained from individuals 
of the same stage exposed to the same treatment were pooled, mean values and standard 
error were calculated. The significance of treatment effect was assessed using a one-way 
analysis of variance (NCSS, version 5.03). Where treatment effects were shown to be 
significant (P< 0.05), group means were compared using Newman-Keuls multiple range 
test.
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Results
Octopamine
Stage Xin were least sensitive to 1 x 10’® M octopamine. At that concentration, 
heart rate increased significantly (p=0.004) from 182 ± 10 beats per minute (bpm) to 250 
± Tbpm (Figure 30). Heart rate decreased significantly at concentrations of 10** M 
(p<0.001) and 10'*M (p<0.001). There was no significant difference in heart rate to 
infusions of octopamine at Stage XV. Heart rate at Stage XVII decreased significantly 
(p<0.026) from 260 ± 12bpm to 231 ± 1 Ibpm at 1 x lO'^M. At the third larval stage 
(Stage XIX), heart rate increased significantly (p=0.039) from 278 ± 10 to 312 ± 3bpm. 
Stroke volume did not change significantly in response to octopamine until Stage XV 
(p=0.004). Stage XVH (p=0.005) and XEX (p<0.001) showed a significant increase in 
stroke volume starting at 1 x 1 0 '^  (Figure 31). Octopamine increased cardiac output 
significantly in Stage Xm (p=0.008). Stage XV (p=0.002), and Stage XDQ (p=0.042) at 
1 X 10*®M. Octopamine increased cardiac output significantly in Stage XVII (p=0.006) at 
1 X 10*’M (Figure 32).
Serotonin
Stage XIII animals have a biphasic heart rate response to infusions of serotonin 
(Figure 33). Low concentrations (1 x 10 ®M) resulted in a significant (p<0.001) increase 
in heart rate. High concentrations (1x10*^ and 1 x 10'*M) resulted in a significant 
(p<0.001) decrease in heart rate. High concentrations (1 x 10'*M) resulted in a significant 
(p<0.001) increase in heart rate in Stage XIll animals. Stage Xm animals were less 
responsive to serotonin. Stage XV animals showed a significant (p=0.017) decrease in
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Figure 30: Heart rate dose response curves in four stages of development 
in the crayfish Procambarus clarJai.
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Figure 31: Stroke volume dose response curves in four stages of development 
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Figure 32: Cardiac output dose response curves in four stages of development 
in the crayfish Procambarus clarkii.
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Figure 33: Heart rate dose response curves in four stages of development 
in the crayfish Procambarus clarkii.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
90
heart rate at 1 x 10*’M serotonin. Stage XVII (p=0.044 ) and XIX (p=0.037) animals 
significantly decreased heart rate at 1 x 10*®M. Serotonin did not elicit a significant 
response in stroke volume until Stage XV, when stroke volume significantly (p=0.012) 
decreased at 1 x 10'*M (Figure 34). No significant response in stroke volume is elicited by 
serotonin infusions in Stage XVH animals. In Stage XIX animals, increasing 
concentrations of serotonin significantly (p=0.007) increased stroke volume. Serotonin 
significantly increased cardiac output in Stage Xm (p=0.003) and Stage XV (p<0.001) 
animals at low concentrations (1 x 10‘̂ M) and in Stage XVII animals (p=0.007) at higher 
concentrations (1 x IO ’M). Stage XIX animals are least responsive to serotonin. High 
concentrations (1 x 10 *M serotonin ) significantly increased cardiac output in Stage XEX 
animals (p=0.014) (Figure 35).
Proctolin
Infusions of proctolin cause a biphasic heart rate response in Stage XIII animals 
(Figure 36). Concentrations of 1 x 10 ® and lO'^M of proctolin resulted in a significant 
increase in heart rate (p=0.001 and p=0.006 respectively). Concentrations of 1 x 10’* M 
resulted in a significant (p<0.001) decrease in heart rate in Stage XIII animals. High 
concentrations (1 x lO'^M) significantly (p<0.001) increased in heart rate in Stage Xm 
animals. Concentrations of 1 x lO ’M proctolin significantly decreased heart rate in Stage 
XV (p=0.003) and Stage XVII (p=0.034) animals. In Stage XEX animals, heart rate 
significantly (p=0.008) increased at 1 x lO'^M and significantly (p<0.001) decreased at 1 x 
lO'^M infusions of proctolin. While stoke volume significantly (p=0.004) increased in
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Figure 34: Stroke volume dose response curves in four stages of development 
in the crayfish Procambarus clarkii.
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Figure 36: Heart rate dose response curves in four stages of development 
in the crayfish Procambarus clarkii.
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Stage XV animals under 1 X lO'^M proctolin infusion, no significant response was elicited 
by other concentrations in those animals (Figure 37). A significant (p<0.001) increase in 
stroke volume resulted from infusion of 1 X 10‘®M proctolin. Cardiac output significantly 
increased in all stages (Stage Xm p<0.001, Stage XV p<0.001, Stage XVII p=0.027, and 
Stage XIX p<0.001) at 1 x 1 0 '^  proctolin (Figure 38).
GABA
G ABA significantly increased heart rate at 1 x 10'®(p<0.001) and Ix 10"’ (p=0.001) in 
Stage x m  animals (Figure 39). At higher concentrations (1 x 10 * and 1 x 10'* M), heart 
rate significantly (p=0.002 and p<0.001) decreased in response to GABA. In Stage XV 
(p=0.009). Stage XVII (p<0.001), and Stage XIX (p=0.001) animals heart rate 
significantly decreased at 1 x IC’M GABA. Stroke volume increased significantly 
(p=0.008) in response to 1 x IG'^M GABA in Stage Xm animals (Figure 40). GABA 
also significantly increased stroke volume in Stage XV, XVII, and XIX animals (p=0.003, 
0.010, and 0.003) at lower concentrations (1 x 10’®M). GABA (1 x 1 0 '^  ) significantly 
increased cardiac output in Stages Xm (p=0.039), XV (p=0.00.044), XVII (p=0.033), 
and XIX (p=0.024) animals (Figure 41). Table 2 summarizes all drug data.
Discussion
The results of this study suggests that the heart of the crayfish Procambarus clarkii is 
innervated during early larval stages. It is evident from the neurohormonal infusions, 
however, that the early embryonic crayfish heart is regulated differently from larval and
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Table 2: Summary of significant responses to cardioactive drug infusion. 
(+ positive, - negative, 0 not significant)
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adult crayfish. Cardiac performance (measured as heart rate, stroke volume, and cardiac 
output) is responsive in early embryonic crayfish by the infusion of cardioactive drugs 
(serotonin) that work directly on the cardiac ganglion. This means the nerves could be 
present and functional at these early embryonic stages but preliminary histological data 
does not show this. Embryonic responsiveness to cardioactive drugs is different than those 
seen in late larval and adult stages.
Stage x m  embryos respond quite differently than adults to infusions of octopamine, 
serotonin, proctolin, and GABA, sometimes acting in an opposing fashion by increasing 
heart rate in embryos and decreasing heart rates in late larvae and adults. Heart rate in 
Stage x m  animals decreased in response to high concentrations (1x10^  and 1 x lO'^M) 
of octopamine, yet increased in response to lower concentrations (1 x 10‘̂ M).
Octopamine is found at circulating levels of 1 x lO'^M so concentrations that are much 
higher than this may not represent normal physiological ranges for this animal. Heart rate 
in Stage Xm animals showed a biphasic response to serotonin and proctolin, increasing at 
low concentrations (1 x lO'^M), decreasing at 1 x 10'’M, and then increasing again at high 
concentrations (1 x lO'^M). This biphasic response is not seen in late stage embryos or in 
larval crayfish, instead a dose dependent increase in heart rate is observed. This suggests 
two sets of receptors present in early development. High concentrations (1 x 10'* and 1 x 
lO'^M) of GABA cause an increase in heart rate in Stage XUI animals, yet cause 
significant decreases at later stages, suggesting a transition in the functioning of the 
receptors for GABA with development. Stage XIU animals are not responsive to 
infusions of serotonin, proctolin, and octopamine while later stages show increases in
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Stoke volume in response to serotonin, proctolin, and octopamine. Cardiac output was 
significantly altered at Stage XIII in response to each cardioactive drug. Adult crayfish 
adjust stroke volume in order to maintain cardiac output. Early embryonic crayfish do not 
adjust stroke volume in response to the cardioactive drugs and do not appear to maintain 
cardiac output. Heart rate appears to be more sensitive in the early embryonic 
development in response to the cardioactive drugs. The data presented suggests there is a 
transition in cardiac regulatory patterns between Stage Xm and Stage XV. The exact 
timing of this transition need to be investigated further.
Proctolin is known to cause an increase in heart rate and stroke volume because it acts 
directly on the myocardium independently of the cardiac ganglion. In this study, proctolin 
caused an increase in heart rate in Stage XIII animals except at higher concentrations (1 x 
10’*M). Proctolin caused a decrease in heart rate at Stages XV and XVII. The 
mechanism by which proctolin acts on the myocardium is by increasing the Câ * influx into 
the muscle. It is not clear why proctolin would cause a decrease in heart rate. Stroke 
volume was not affected by proctolin until Stage XV. Perhaps early embryos adjust heart 
rate in response to proctolin, rather than adjusting stroke volume.
Octopamine has been shown to increase heart rate and stroke volume because it has 
direct action on the myocardium as well as the cardiac ganglion (Guirguis, 1995; Benson, 
1984). The cardiac ganglion is not well developed in early embryos. Heart rate did not 
follow the expected response for octopamine. In this study. Stage Xm animals increased 
heart rate at 1 x 10 ®M but decreased heart rate at higher concentrations. Whereas, heart 
rate decreased in response to octopamine by Stage XVII animals. Heart rate increased as
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a result of high concentration of octopamine in late larval crayfish (Stage XIX). 
Octopamine is known to directly increase cardiac contractions, yet there was no increase 
in stroke volume until Stage XV. Octopamine effects are dependent on whether it is 
acting on the cardiac muscle or the cardiac ganglion. It is possible that octopamine acts 
on the cardiac muscle during early development and later in development acts on both the 
myocardium as well as the cardiac ganglion. This would explain differences in cardiac 
responses to octopamine in early and late stage embryos. It seems that early embryos 
adjust heart rate more readily than stroke volume in response to octopamine. Adult 
crayfish modulate stroke volume in order to adjust cardiac output but this does not seem 
to be the case with the early embryos. Early embryos show a greater heart rate response 
than stroke volume response to infusions of octopamine.
GABA has been shown to cause decreased heart rate and stroke volume. GABA acts 
on the myocardial membrane as well as the cardiac ganglion. In this study, GABA caused 
an increase in heart rate at low concentrations in Stage XEQ animals. Predicted decrease 
of heart rate was seen in later stages. All stages were responsive to infusions of GABA by 
increasing stroke volume and cardiac output. Because GABA mimics the effects of 
inhibitory nerve stimulation, it is possible that GABA has a greater effect on contraction 
rate than on contraction strength, causing decreased heart rate. Stroke volume would 
then increase as heart rate decreased so that cardiac output may be maintained. Cardiac 
output may have also increased because the stroke volume increase not only compensated 
for decreased heart rate, but actually resulted in an overall increase in cardiac output.
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Serotonin has been shown to increase heart rate and stroke volume by acting as an 
independent effector on the cardiac ganglion so it was not expected to elicit a response 
until cardiac ganglion were functional (approximately Stage XIX). Serotonin caused a 
biphasic response in heart rate in Stage XIII animals and elicited decreased heart rate in 
later stages. Low concentrations of serotonin decreased heart rate in late embryonic and 
larval stage crayfish. Serotonin decreased stroke volume at Stage XV and increased 
stroke volume in Stage XIX animals. Serotonin elicited a response early in development, 
although this response is unlike that seen in late larval and adult crayfish. This data further 
suggests a transition in cardiac regulation between early and late stage embryos.
Summary
Crayfish assume an adult-like morphology relatively early in development. This study 
provides evidence that while crayfish appear adult-like, the physiology and regulatory 
patterning are on separate tracks. Although crayfish larvae appear morphologically 
identical to the adults, their regulatory physiological is not mature until late larval stages.
It should be noted that if a cardioactive drug elicits a response early on in development, it 
indicates only that the receptors are present and functional but not necessarily that the 
heart is innervated and functionally regulated. Crayfish showed sensitivity to cardioactive 
drugs early in development suggesting only that receptors for those drugs are present and 
functional. Data from this study suggests the possibility that a different set of receptors 
are present and functioning in early embiyos that are not present or have a different 
function later in development. Data further suggests the transition in cardiac regulation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
105
occurs between Stages Xm  and XV. More investigation into the ontogeny of the cardiac 
regulatory system seems in order.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
106
Table 2: Summary of significant responses to cardioactive drug infusion. 
(+ positive, - negative, 0 not significant)
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CHAPTER 6 
PERSPECTIVES FOR THE FUTURE
Ontogenic studies are of importance because developing systems can be teased apart 
and analyzed in a way that cannot be accomplished in a functional adult system. 
Investigations may also be made into the developmental trajectories of the systems and the 
plasticity of the trajectories can be manipulated. We have gained a better understanding 
of the development of cardiac regulatory processes in crayfish. We now know that 
embryonic crayfish hearts are regulated differently from the adults and we can estimate the 
timing of the transition from embryonic to adult-like regulation (Figure 42). We can build 
on this foundation and test further hypotheses, investigating this transition and piece 
together the developmental physiology of the adult cardiovascular system.
Often times physiologists take a reductionist approach to understand fundamental 
processes. We are limited in our understanding of each system in mature animals because 
the ability to discern subtleties of tightly integrated systems is very difficult. Ontogenic 
studies allow investigation of systems as they become functional, elucidating both 
temporal and spatial designs. Systems can more easily be detailed and fundamental 
processes understood when the systems are least complex. By investigating the ontogeny 
of cardiovascular regulatory mechanisms, the more complex adult systems can be
107
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discerned and fundamental questions can be addressed about the system. Major questions
that remain to be addressed include;
V Why do some Decapod crustaceans convert from a myogenically to neurogenically 
regulated heart? Are there advantages to neurogenicity? Is the myogenic to 
neurogenic regulation transition indicative of evolutionary past? Is there a 
phylogenetic pattern to the regulatory capabilities of crustaceans?
V How plastic is cardiovascular development? Do perturbations at any stage cause the 
same effects on developmental trajectories? Is there a critical window of time in which 
developmental trajectories can be realigned? If there is a critical window, is it unique 
to crayfish or shared among all crustaceans?
V What environmental stresses affect the plasticity of development? If the environment 
changes, do some of the fundamental regulatory processes change? Are there 
regulatory processes that are adaptive to particular stresses?
V Are there a suite of receptors present in embryos that are lost later in development in 
the crayfish? Do embryonic receptors change function through development?
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